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RÉSUMÉ
Les protéines à WD-repeat (WDR) servent à l’assemblage de complexes
multiprotéiques et palÏicipent à la régulation de multiples processus cellulaires chez
les eucaryotes. Parmi les 237 membres de la famille des protéines à WDR répertoriés
chez Arabidopsis thaÏiana, très peu ont été testés pour une possible fonction lors du
développement végétal. Le gène NOTCHLESS (NLE) code pour une protéine à WDR
conservée chez les eucaryotes. Chez les métazoaires, NLE a été impliquée dans la
régulation de la voie de signalisation Notch. Alors que les principales composantes de
cette voie sont inexistantes chez la levure et les végétaux, NLE a été identifiée chez la
levure en tant que protéine non-ribosomale participant à la biogenèse de la sous-unité
60S, un processus cellulaire qui serait conservé chez les eucaryotes.
La voie Notch est utilisée dans plusieurs processus de différenciation
cellulaire lors du développement animal, justifiant ainsi cette première étude sur la
fonction possible de NLE lors du développement des angiospermes. Une
caractérisation fonctionnelle du gène a été menée de façon complémentaire chez
Sotanum chacoense (Sc) et Arabiclopsis thaliana (At). L’utilisation du système de
double-hybride de la levure a permis de définir que ScNLE interagit avec les
homologues MDNI et NSA2 de la levure, tous deux des composantes non
ribosomales des complexes d’assemblage de la sous-unité 60S du ribosome. Les
gènes AILE et MDNJ présentent par ailleurs des profils d’expression très similaires
dans les divers organes de S. chacoense et d’Arabidopsis. Une sous-expression du
gène ScNLE induite par interférence d’ARN dans des lignées transformées de S.
chacoense résulte en la production d’un phénotype pléiotropique. Principalement, les
lignées sous-exprimant ScNLE produisent des organes aériens de taille réduite
résultant d’une réduction en nombre et en taille des cellules qui les composent. En
accord avec un rôle dans la prolifération et l’expansion cellulaires, les niveaux
d’expression de ScNLE et AtNLE sont plus élevés dans les organes comprenant des
Vcellules en division active. Chez S. chacoense, une augmentation transitoire des
niveaux d’expression de ScNLE est de plus associée aux ovules et ovaires au moment
de la fécondation et de l’initiation du développement des graines et des fruits, qui
représente une période de division cellulaire intense. L’interférence d’ARN ciblant
l’activité du gène NLE chez S. chacoense et Arabidopsis mène de plus à des taux plus
élevés d’avortement d’ovules. Tel que déterminé dans les lignées d’interférence
d’Arabidopsis, le développement de gamétophytes femelles, en proportions
colTespondant aux taux d’ovules avortés, est arrêté à divers stades précoces de leur
développement. Chez Arabidopsis, la mutation insertionnelle indn] mène également à
des défectuosités dans le développement des gamétophytes femelles, ce
développement étant retardé comparativement à celui des gamétophytes de type
sauvage. Les gènes AtNLE et AtMDN] sont exprimés de façon constitutive dans tous
les organes de la plante. En somme, les résultats obtenus dans cette étude montrent
que NLE et MDNI sont requis pour la croissance cellulaire lors du développement
sporophytique et gamétophytique des angiospermes. Leur fonction cellulaire serait
associée à la biogenèse de la sous-unité 60S du ribosome.
Mots clés: biogenèse du ribosome, croissance cellulaire, fécondation, gamétophyte
femelle, Notchless, Midasin, ovule, ovaire, protéine à WD-repeat, sous-unité
ribosomale 60S.
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ABSTRACT
WD-repeat (WDR) proteins serve in assembling multiprotein complexes and
are involved in the regulation of diverse cellular processes in eukaryotes. Among the
237 members of the WDR protein family identified in Arabiclopsis thatiana. only a
few have heen charactenzed for a possible function during plant growth and
development. The NOTCHLESS (NLE) gene encodes a highly conserved WDR
protein. In metazoans, NLE has been involved in the regulation of the animal-specific
Notch signaling pathway. While most components of this pathway do flot exist in
yeast and plants, NLE bas been identified in yeast as a trans-acting factor involved in
GOS ribosomal subunit biogenesis, a well conserved cellular process in eukaryotes.
The Notch pathway is used in multiple differentiation processes of animal
development, jLlstifying this first study on the possible role played by the NLE gene in
angiosperm development. A functional characterization of the gene was carried ocit in
this study in Sotanunz cÏzacoense (Sc) and Arabidopsis tÏzatiana (At). Yeast two
hybrid screens with ScNLE identified the yeast homologs MDNI and NSA2 as
binding partners. Both candidates represent trans-acting factors in 605 ribosomal
subunit assembly complexes in yeast. In S. cÏzacoense and ArabicÏopsis organs, both
NLE and MDN] show very similar expression patterns. Underexpression of the
ScNLE gene by RNA interference in S. cÏzacoense transformed unes leads to a
pleitropic phenotype. Mainly, ScNLE underexpressing lines produce smaller aerial
organs resulting from reduced cdl number and celi size composition. In agreement
with a role in ceil proliferation and cell growth, expression levels of ScNLE and
AtNLE are higher in plant organs compnsing actively dividing celis. In S. clzacoense,
a transitory increase in ScNLE expression levels is moreover observed in ovules and
ovanes dunng fertilization and initiation of seed and fruit development time, which
represents a penod of intense ceil division. RNA interference targeting NLE gene
activity in S. chacoense and Arabidopsis leads to high tevels of ovule abortion. As
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deterrnined in Arcibidopsis RNA interference unes, female gametophytes in
proportions coiTesponding to ovcile abortïon levets are arrested at different precocious
developmental stages. In Arabiclopsis, an insertional mutation in the MDI’I1 gene also
Ieads to defects in female gametophyte deveiopment, being delayed compared to their
wild-type female gametophyte siblings. Both AINLE and AtMDN] are constitutively
expressed in ail the plant organs examined. Taking together, the resuits ohtained in
this study show that NLE and MDNI are both required for ccli growth and
proliferation during sporophytic and gametophytic development. As in yeast, the
cellular function of NLE and NTDN1 is likely to be associated with 60S nbosomal
subunit biogenesis.
Keywords: n bosome biogenesis, ce!! growth, ferti lization, female gametophyte,
Notchless, Midasin, ovule, ovary, WD-rcpeat protein, 60S ribosomal subunit.
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CHAPITRE I:
INTRODUCTION GÉNÉRALE
Le cycle de vie des plantes est caractérisé par une alternance entre deux
générations multicellulaires: la génération diploïde, représentée par le sporophyte, et
la génération haploïde, représenté par les gamétophytes. La méiose établie ainsi la
séparation entre les générations sporophytique et gamétophytique. À la différence des
animaux, chez qui les produits de la méiose se différencient directement en gamètes,
chez les végétaux, les produits de la méiose, les spores, se divisent et se différencient
en gamétophytes multicellulaires haploïdes. Ces gamétophytes produisent des
gamètes par un processus nommé gamétogénèse. La fusion d’un gamète mâle et d’un
gamète femelle génère un zygote qui est à l’origine d’un sporophyte multicellulaire
diploïde. Le sporophyte a pour Conction principale de produire des spores haploïdes
par un processus nommé sporogénèse, complétant ainsi le cycle de vie de la plante
(Drews and Yadegari 2002; Yadegari and Drews 2004).
Le cycle reproductif des angiospermes possède quelques caractéristiques
distinctives d’un ou de plusieurs des autres groupes de végétaux (bryophytes,
ptéridophytes, gymnospermes) (Drews and Yadegan 2002; Brukhin et al. 2005).
D’abord, la génération gamétophytique des angiospermes est fortement réduite
comparativement à une génération sporophytique nettement dominante. Les
gamétophytes ne sont en eCtet composés que d’un très petit nombre de cellules.
Ensuite, le développement des gamétophytes dépend physiologiquement du
sporophyte, puisqu’il se produit à l’intérieur des organes sexués de la fleur. De plus,
le sporophyte produit deux types de spores sexuellement différenciées, les
microspores et les mégaspores, qui sont à l’origine respectivement des gamétophytes
mâles et des gamétophytes femelles. Le gamétophyte mâle, aussi nommé grain de
pollen ou microgamétophyte. se développe dans l’anthère de l’étamine et est composé
de trois cellules: une cellule végétative qui englobe deux cellules spermatiques
(McCormick 2004). Le gamétophyte femelle, aussi nommé sac embryonnaire ou
mégagamétophyte, se développe à l’intérieur de l’ovule, qui est lui-même logé dans
l’ovaire dii pistil. La foi-me la plus commune du garnétophyte femelle présente un
arrangement typique de sept cellules: une cellule-oeuf, deux synergides, une cellule
centrale diploïde et trois cellules antipodales (Maheshwari 1950; Willemse and van
Went t9$4; Huang and Russell 1992).
Lors de la reproduction sexuée, le gamétophyte mâle va à la rencontre du
gamétophyte femelle, qui est enfoui dans les tissus sporophytiques de l’ovule. Les
gamètes mâles, étant non-motiles, sont transportés à travers les tissus sporophytiques
du pistil jusqu’aux ovules par le tube pollinique, qui est une excroissance polaire du
grain de pollen. Les gamètes mâles sont ensuite libérés à l’intérieur du gamétophyte
femelle pour effectuer la fécondation des deux gamètes femelles: la cellule-oeuf et la
cellule centrale. La double fécondation est un processus reproductif unique aux
angiospermes et initie le développement de la graine porteuse de la génération
sporophytique suivante. La fusion de la cellule-oeuf et d’une cellule spermatique
génère un embryon diploïde alors que la fusion de la cellule centrale et de la seconde
cellule spermatique génère un albumen nourricier triploïde. En simultannée, les
téguments de l’ovule et les tissus de l’ovaire se développent respectivement en
enveloppe de la graine et structures du fruit (Russell 1992; Russell 1996).
Bien que de nos connaissances sur les aspects morphologiques et cytologiques
de la biologie reproductive aient été acquises depuis plus d’un siècle, l’étude de ses
aspects génétiques et moléculaires fait partie quant à elle de développements récents
(Raghavan 2003; Brukhin et al. 2005). L’ensemble de ces études a par ailleurs révélé
la place centrale qu’occupe le gamétophyte femelle lors de la reproduction sexuée.
Non seulement représente-t-il le lieu où s’effectue la double fécondation et
l’établissement d’une nouvelle génération sporophytique, mais l’expression du
3génome haploïde du gamétophyte femelle participe également au contrôle de son
propre développement et de plusieurs processus reproductifs (Drews et al. 1998:
Drews and Yadegari 2002; Yadegari and Drews 2004: Brukhin et al. 2005). De plus,
le développement du gamétophyte est intimement lié aux tissus sporophytiques qui
l’enveloppent. L’identification de picisieurs mutants sporophytiques et
gamétoph ytiques affectant le développement du gamétophyte Femelle ou I initiation
dti développement de la graine montrent que ces processus requièrent l’action
concertée de gènes d’origine sporophytique et gamétophytique.
Cette introduction générale présente tout d’abord un survol de la structure et
du développement du gamétophyte Femelle d’un point de vue descriptif. Seront
ensuite abordés les aspects génétiques et moléculaires associés au développement et
aux Fonctions reproductives du gamétophyte femelle, ainsi que les approches utilisées
pour leur étude. Une emphase particulière est mise sur la plante modèle Arabidopsis
tÏiaÏiana, chez qui les analyses génétiques ont été principalement menées.
1.1. Structure et développement du gamétophyte femelle des angiospermes
Chez les angiospermes, le développement du gamétophyte femelle résulte de
deux processus successifs qui sont la mégasporogénèse et la mégagamétogénèse
(Maheshwan 1950; Willemse and van Went 1984; Chnstensen et al. 1997). La forme
de développement observée chez plus de 70% des angiospermes, dont Arabidopsis,
les Solanacées et plusieurs espèces d’importance économique (Yadegan and Drews
2004), suit une mégasporogénèse de type monosporique combinée à une
mégagamétogénèse de type Potvgontim, ainsi nommé car originellement décrit chez
l’espèce Potvgonum clivaricatum (Maheshwan 1950; Willemse and van Went 1984;
Huang and Russell 1992). Les aspects morphologiques du développement du
gamétophyte femelle de type monosponque Potvgontun ont été décrits de façon
détaillée chez Arahidopsis (Webb and Gunning 1990; Mansfield et al. 1991: Murgia
et al. 1993, Webb and Gunning 1994; Schneitz et al. 1995; Christensen et al. 1997) et
4sel-ont ici résumés. La mégagamétogénèse a été divisée en sept stades
morphologiques distincts (stades FG) à des fins de référence pour l’analyse de
mcitants (Christensen et al. 1997) et est illustrée à la figure 1-1.
1.1.1. La mégasporogénèse
La mégasporogénèse (stade FGO) débute avec la différenciation d’une seule
cellule archésporiale par ovule en cellule-mère diploïde des mégaspores. La cellule-
mère des mégaspores entre en méiose et génère quatre mégaspores uninucléés
haploïdes. Les trois mégaspores les plus micropylaires dégénèrent alors que la
mégaspore la plus chalazale survit (Schneitz et al. 1995; Christensen et al. 1997).
Cette mégaspore fonctionnelle s’élargit et représente le début de la
mégagamétogénèse (stade FGI) (fig. 1-1).
1.1.2. La mégagamétogénèse
Lors de la mégagamétogénèse (fig. 1-1), le noyau de la mégaspore
fonctionnelle entreprend d’abord trois rondes successives de mitose sans cytocinèse
pour produire un syncytium de huit noyaux haploïdes. La première mitose génère un
sac embryonnaire à deux noyaux dans lequel se trouvent plusieurs petites vacuoles
dispersées (stade fG2). Une rapide coalescence de ces vacuoles résulte en la
formation d’une grosse vacuole centrale qui sépare les deux noyaux aux pôles
micropylaire (de l’orifice de l’ovule) et chalazal (du lieu d’attachement de l’ovule au
placenta) et une plus petite vacuole additionnelle se forme au pôle chalazal (stade
FG3). Les deuxième et troisième mitoses génèrent successivement des sacs
embryonnaires à quatre noyaux (stade FG4) et à huit noyaux (stade FG5). La vacuole
principale centrale est conservée lors de ces mitoses. Immédiatement après la
troisième division mitotique, deux évènements importants modifient
5considérablement la morphologie du sac embryonnaire (stade FG5). D’abord, les
noyaux polaires,un provenant de chaque pôle, migrent l’un vers l’autre pour se
rejoindre et se positionner côte à côte dans la moitié micropylaire du gamétophyte
femelle. En concomitance à cette migration nucléaire, le sac embryonnaire se
cellularise. Ces évènements résultent en la formation d’une structure à sept cellules
présentant un arrangement caractéristique qui défini la forme mature des sacs
emhryonnai i-es de type PoÏvgonwn (Maheshwari 1950; Willemse and van Went 1984;
Mansfield et al. 1991; Schneitz et al. 1995: Christensen et al. 1997). À lextrémité
micropylaire, une cellule-oeuf et les deux synergides qui la flanquent forment
l’appareil ovulaire (egg apparatus). L’extrémité opposée chalazale est occupée par
trois cellules antipodales. La grosse cellule centrale occupe quant à elle la majeure
partie du sac embryonnaire. Chez Ambidopsis, les deux noyaux polaires haploïdes de
la cellule centrale fusionnent pour créer un noyau homodiploïde nommé noyau
secondaire de l’albumen (secondai-v endospemi nucteus) (stade FG6) (Webb and
Gunning 1994; Schneitz et al. 1995; Chnstensen et al. 1997), alors que chez d’autres
espèces, les noyaux polaires ne fusionnent que partiellement avant la fécondation
(Drews et al. 1998). Le sac embryonnaire à sept cellules peut également subir des
modifications subséquentes. Par exemple, chez ArabicÏopsis, les cellules antipodales
dégénèrent (Schneitz et al. 1995; Christensen et al. 1997), alors que chez le maïs, les
cellules antipodales prolifèrent (Drews et al. 1998). En somme, le sac embryonnaire
mature d’Arabidopsis est composé de quatre cellules (cellule centrale, cellule-oeuf,
deux synergides) qui constituent l’unité germinale femelle (female genn unit) (stade
FG7) (Chnstensen et al. 1997).
Le développement du gamétophyte femelle et celui des tissus sporophytiques
de l’ovule semblent intimement liés. Par exemple, des plasmodesmes relient la
mégaspore fonctionnelle aux cellules nucellaires (cellules sporophytiques au centre
de l’ovule qui entourent la mégasore fonctionnelle et au milieu desquelles le sac
embryonnaire se développe), formant une voie potentielle d’échange entre ces deux
structures (Bajon et al. 1999). De plus, au cours de son développement, le
6gamétophyte femelle acquiert une polarité et des caractéristiques structurales qui
facilitent le processus de fécondation (Drews and Yadegari 2002; Yadegari and
Drews 2004). Lors de la mégagamétogénèse, les noyaux positionnés à l’extrémité
micropylaire se différencient en cellule-oeuf et en synergides alors que les noyaux à
l’extrémité chalazale se différencient en cellules antipodales. Toutes les cellules de
l’unité germinale femelle sont fortement polarisées (Schneitz et al. t995; Christensen
et al. 1997). Dans la cellule-oeuf, le noyau est localisé vers le pôle chalazale et sa
vacuole occupe l’extrémité micropylaire, alors que les synergides et la cellule
centrale possèdent une polarité inverse (Willemse and van Went 1984; Christensen et
al. L 997). Dans cet atTangement, les noyaux de la cellule-oeuf et de la cellule centrale
sont situés très près l’un de l’autre (Christensen et al. 1997). 11 y a également absence
de pal-ois cellulaires à l’interface de l’appareil ovulaire et de la cellule centrale,
permettant ainsi un contact direct entre les membranes plasmiques de ces cellules
(Mansfield et al. 1991). Ces caractéristiques structurales sont importantes pour le
processus de fécondation puisque le pôle micropylaire représente le point d’entrée du
tube pollinique dans te sac embryonnaire et que les noyaux des cellule-oeuf et centrale
représentent les cibles des noyaux des cellules spermatiques. La correspondance entre
la polarité acquise par le gamétophyte femelle et le développement asymétrique des
tissus sporophytiques de l’ovule suggère que la mégagamétogénèse serait régulée, au
moins en partie, par les tissus sporophytïques de l’ovule (Yadegan and Drews 2004).
1.2. Aspects génétiques et moléculaires du développement et des fonctions
reprod uctives du gamétophyte femelle
L’ovule étant composé de tissus de deux générations différentes, les cellules
gamétophytiques enveloppées par des tissus sporophytiques (nucelle et/ou
téguments), les gènes requis pour le développement et les fonctions reproductives du
gamétophyte femelle peuvent être exprimés par le gamétophyte femelle lui-même et
par les tissus sporophytiques de l’ovule. Ainsi, le gamétophyte femelle peut être
7affecté par deux classes de mutations dont les modes de transmission sont différents:
les mutations sporophytiques et les mutations gamétoph ytiques
1.2.1. Identification de mutations sporophytiques qui affectent le gamétophyte
femelle
Les mutations sporophytiques affectent la génération sporophytique diploïde
et, relativement au gamétophyte femelle, perturbent des processus tels que le
dévelopernent de la cellule-mère des mégaspores, la méiose, et le contrôle de la
mégagamétogénèse par les tissus sporophytiques environnants
— nucelle et/ou
téguments (Yadegari and Drews 2004). Sous forme hétérozygote récessive, ces
mutations sporophytiques ne causent pas de phénotype et sont transmises à la
génération sporophytique suivante dans un rapport de ségrégation mendélienne de
1:2:1. Cependant, sous forme homozygote, ces mutations causent la stérilité femelle,
un critère utilisé dans l’identification de mutations sporophytiques qui affectent le
développement de l’ovule (Grossniklaus and Schneitz 1998; Schneitz 1999).
Tel que mentionné précédemment, les tissus sporophytiques de l’ovule ont le
potentiel d’influencer la mégagamétogénèse. De ce fait, plusieurs mutants
sporophytiques du développement de l’ovule montrent également tine
mégagamétogénèse anormale (Grossniklaus and Schneitz 1998; Schneitz 1999).
Cependant, la nature de cette interaction, qui peut être purement physique ou bien
moléculaire, reste indéterminée dans la majorité de ces mutations puisqu’elles causent
un développement anormal des tissus sporophytiques. Par exemple, les mutants
aintegumenta (cmi’), chez qui les téguments sont absents (Kiucher et al. 1996), et
heu], chez qui les téguments sont anormaux (Reiser et al. 1995), montrent également
un arrêt de la mégasporogénèse. Les mutations sporophytiques qui contrôlent
spécifiquement la mégagamétogénèse devraient affecter la mégagamétogénèse sans
toutefois affecter le développement des tissus sporophytiques de l’ovule (Yadegan
8and Drews 2004). Bien que l’existence de ce genre de mutants ait été rapportée
(Schneitz et al. 1997). les gènes correspondants n’ont toujours pas été identifiés.
Ainsi, les aspects moléculaires du contrôle sporophytique de la mégagamétogénèse
sont indéterminés.
1.2.2. Identification de mutations gamétophytiques qui affectent le gamétophyte
femelle
Les mutations gamétophytiques femelle-spécifiques affectent quant à elles la
génération gamétophytique haploïde femelle de la plante et perturbent les processus
qui se produisent après la méiose, tels que la mégagamétogénèse et les fonctions
reproductives reliées au gamétophyte femelle mature (Yadegari and Drews 2004).
Chez une plante hétérozygote pour une mutation, la moitié des gamétophytes mâles et
des gamétophytes femelles sont porteurs de l’allèle mutant. Dans le cas d’une
mutation gamétophytique femelle-spécifique, la moitié des ovules portant un
gamétophyte femelle dysfonctionnel, ne peuvent se développer en graines et avortent
éventuellement, résultant en une semistérilité. De plus, cette mutation est transmise à
la génération sporophytique suivante exclusivement par la moitié des gamètes mâles
porteur de l’allèle mutant. Par conséquent, cette mutation est transmise à la
génération sporophytique suivante sous forme hétérozygote seulement et suit un
rapport de ségrégation non-mendélienne de 1:1. Cependant. plusieurs des mutations
gamétophytiques sont de type général, c’est-à-dire qu’elles touchent les gamétophytes
femelles et les gamétophytes mâles. Les mutations gamétophytiques générales ont
souvent une pénétrance incomplète, c’est-à-dire que la mutation ne cause pas de
dommage au gamétophyte qui le porte dans 100% des cas, et sont ainsi transmises
aux générations sporophytiques suivantes dans des rapports de ségrégation plus
sévères que 1:1. Pour déterminer l’efficacité de transmission de la mutation par
l’entremise de chaque type de gamétophyte, des croisements réciproques avec des
plantes de type sauvage doivent être effectués. En somme, les mutations
9gamétoph ytiques qui affectent le gamétoph yte femelle sont typiquement identifiées
sur la base des deux critères suivants: une réduction du taux de graines produite par la
plante et une ségrégation non-mendélienne de l’allèle mutant dans la progéniture
(Feldmann et al. 1997; Moore et al. 1997; Howden et al. 199$).
Au cours de la dernière décennie, quelques centaines de mutants
gamétophytiques affectés dans le développement et tes fonctions reprodcictives du
garnétophyte femelle ont été identifiés, chez Arahidopsis principalement et de façon
secondaire chez le maïs (tableau 1-1) (Drews and Yadegah 2002: Brukhin et al.
2005). Notamment, la majorité de ces mutants ont été identifiés lors de criblages de
lignées insertionnelles de T-DNA ou de transposon (Feldmann et al. 1997;
Christensen et al. 199$; Kowden et al. 1998; Shimizu and Okada 2000; Christensen et
al. 2002; Pagnussat et al. 2005). Les analyses phénotypiques et moléculaires de
plusieurs de ces mutants ont mis en évidence que des gènes d’une grande diversité
fonctionnelle et exprimés à partir du génome haploïde du gamétophyte femelle
participent à la mégagamétogénèse et au contrôle de plusieurs processus reproductifs.
Les sections suivantes rapportent la caractérisation de quelques-uns de ces mutants, et
parfois des gènes correspondants, ainsi que des données complémentaires qui ont
permis de mieux comprendre le développement et les fonctions reproductives du
gamétophyte femelle.
1.2.3. Les gènes gamétophytiques impliqués dans la mégagamétogénèse
Plusieurs mutants gamétophytiques ne peuvent compléter la formation d’un
sac embryonnaire mature et sont ainsi affectés dans la mégagamétogénèse. Les
mutations gamétophytiques identifiés affectent essentiellement tous les stades du
développement du gamétophyte femelle. Ces mutants manifestent une grande variété
de phénotypes qui ont été classés en catégories phénotypiques correspondant à
plusieurs des processus cellulaires impliqués dans la mégagamétogénèse, tels que la
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mitose, la formation des vacuoles, la fusion nucléaire et la cellularisation (table l-1)
(Schneitz et al. 1995; Christensen et al. 1997; Christensen et al. 2002; Drews and
Yadegari 2002; Brukhin et al. 2005; Pagncissat et al. 2005).
Une première catégorie phénotypique est f’ormée par les nombreux mutants
qui sont affectés dans l’initiation ou la progression des divisions mitotÏques (stades
fG 1 à FG5). Ces mutants sont caractérisés par un nombre anormal et/ou une
distribution anormale des noyaux dans le sac embryonnaire. Un arrêt du
développement au stade aussi précoce que l’initiation de la mégagamétogénèse (stade
FGI) observé chez certains de ces mutants montre que l’expression du génome
haploïde est requise très tôt lors de la mégagamétogénèse (Drews and Yadegari
2002). Par exemple, une sous-expression par interférence d’ARN du gène AGPJ8.
qui code pour une arabinogalactane classique, empêche la transition de la mégaspore
fonctionnelle en mode de développement mégagamétophytique (Acosta-Garcia and
Vielle-Calzada 2004). Plusieurs mutants de cette catégorie phénotypique peuvent
progresser au-delà du stade à un noyau (FG[) mais montrent un arrêt ou un retard
dans la phase de division nucléaire. Par exemple. des mutations dans les gènes
NOMEGA (Kwee and Sundaresan 2003) et APC2 (Capron et al. 2003), qui codent
pour des composantes de I’aizaphase-pronwting comptex/cvctosome (APC/C). un
complexe ubiquitine ligase qui régule la progression de la mitose, causent un arrêt des
divisions au stade à deux noyaux (FG2). D’autres composantes de voies de
dégradation des protéines par l’ubiquitine ont également été identifiées dans cette
classe de mutants (Pagnussat et al. 2005). Une mutation dans le gène SLOW
WALKER J (SWAJ), qui code pour une composante du complexe snoRNP U3 qui
participe à la maturation de l’ARN ribosomale 1$S, cause un retard ainsi qu’une
désynchronisation de la division des noyaux (Shi et al. 2005). Alors que les
phénotypes de ces mutants montrent que plusieurs gènes sont requis pour la
progression de la division cellutaire lors de la mégagamétogénèse, d’autres mutants
montrent également la nécessité de restreindre ces divisions. Notamment, une
mutation dans le gène RBR, qui code pour un homologue de rétinoblastoma, un
Urégulateur négatif de la prolifération cellulaire, entraîne une prolifération nucléaire
excessive résultant en la formation d’un amas de cellules au pôle micropylaire du sac
embryonnaire (Ebel et al. 2004).
Une seconde catégorie phénotypique comprend les mutants qui montrent une
absence de fusion des noyaux polaires. Chez ces mutants, les noyaux polaires migrent
normalement et se positionnent côte-à-côte mais ne fusionnent pas. Un exemple d’un
tel mutant est gfiz2, dont le gène correspondant code pour un membre de la famille
des protéines DnaJ qui est localisé dans la mitochondrie et qui possède une fonction
de chaperonne (Christensen et al. 2002).
Une autre catégorie phénotypique est formée par les mutants qui manifestent
des problèmes de cellularisation, entraînant des anormalités dans leur morphologie
cellulaire, dans la position des noyaux à l’intérieur des cellules ou d’autres
caractéristiques cellulaires inhabituelles. Chez le mutant inyb98, par exemple,
l’appareil filiforme, qui est une élaboration de la paroi cellulaire micropylaire des
synergides par où le tube pollinique pénètre dans le sac embryonnaire, ne développe
pas d’invaginations (Kasahara et al. 2005). Le gène MY398 code pour un facteur
transcnptionnel qui serait impliqué dans la différentiation cellulaire des synergides.
L’identification de ces mutants permet d’ordonner jusqu’à un certain point les
processus cellulaires et les gènes gamétophytiques requis tout au long de la
mégagamétogénèse. Plusieurs mutations affectant ces processus ne pourraient être
identifiées dans des criblages sporophytiques typiques parce qu’elles ne peuvent
survivre à l’état homozygote lors de la génération sporophytique. Par sa nature
haploïde, le gamétophyte femelle représente ainsi un bon système d’étude pour
l’analyse de gènes requis dans des fonctions cellulaires fondamentales qui ne
pourraient être analysées autrement qu’à travers le stade gamétophytique (Schneitz et
al. 1995; Chnstensen et al. 1997; Drews et al. 199$; Drews and Yadegan 2002).
L’identification de tels gènes aide non seulement à la compréhension analytique de la
génération gamétophytique mais contribue également à comprendre les processus
cellulaires et les processus de développement fondamentaux utilisés tout au cours du
cycle de vie de la plante. Une catégorie phénotypique supplémentaire est formée par
des mutants qcli produisent un sac embryonnaire d’apparence normale mais qui ne
peuvent transmettre l’allèle mutant à la génération suivante à travers le gamétophyte
femelle. Ces mutants touchent les fonctions reproductives contrôlées par le
gamétophyte femelle et font l’objet des prochaines sections.
1.2.4. Les gènes gamétophytiques impliqués dans les fonctions reproductives
En ce qui a trait aux fonctions reproductives contrôlées par le gamétophyte
femelle, les mutations gamétophytiques identifiées affectent des processus tels que le
guidage du tube pollinique vers le micropyle de l’ovule (Hiilskamp et al. 1995; Ray et
al. 1997; Shimizu and Okada 2000; Higashiyama et al. 2003), la réception du tube
pollinique (Huck et al. 2003; Rotman et al. 2003), l’initiation du développement de la
graine au moment de la fécondation (Ohad et al. 1996: Chaudhury et al. 1997) ainsi
que le contrôle du développement de l’embryon et de l’albumen suite à la fécondation
(Chaudhury and Berger 2001).
1.2.4.1. Guidage du tube pollinique
Chez les angiospermes, les gamètes mâles sont non-motiles et doivent être
transportés à proximité des gamètes femelles par le tube pollinique (TP) pour
permettre la double fécondation de s’effectuer (Hïgashiyama 2002: Higashiyama et
al. 2003). Dans les dernières étapes de la croissance du TP dans l’ovaire, et souvent à
proximité d’un ovule non-fécondé, le TP réoriente sa croissance pour émerger à la
surface du placenta et se rendre sur un funicule, sur lequel il croît jusqu’à proximité
dci micropyle pour finalement pénétrer à l’intérieur du micropyle de l’ovule
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(Hiilskarnp et al. 1995: Ray et al. 1997; Shimizu and Okada 2000). La précision et la
constance avec lesquelles les TP accomplissent un tel parcours pour atteindre leur
cible distante impliquent une forme de commcinication entre le gamétophyte mâle et
les structures femelles.
Une combinaison de signaux de source sporophytique et gamétophytique
semble être impliquée clans l’attraction du TP de la surface du placenta au micropyle
de l’ovule (Higashiyama 2002; Higashiyama et al. 2003: Weterings and Russeil
2004). Par exemple, l’acide y-amino butyrique (GÀBA) a été proposé comme
candidat potentiel de signal d’attraction produit par les tissus sporophytiques chez
Arabidopsis (Palanivelu et al. 2003). Des études génétiques ont de plus révélé
l’importance du gamétophyte femelle en tant que source d’un signal de courte
distance qui dirige le TP vers le micropyle de l’ovctle. D a été observé chez des
mutants d’Arahidopsis produisant des ovules avec des téguments d’apparence
normale que les TP ne sont pas attirés vers les ovules dont le gamétophyte femelle est
absent ou anormal, mais qu’ils croient de façon consistante vers les ovules qui
contiennent un gamétophyte femelle fonctionnel (Hulskamp et al. 1995; Ray et al.
1997, Shimizu and Okada 2000). La mise au point d’un système d’étude semi-in vitro
chez Tt)reltia fountieri combinée à des expériences d’ablation au laser de cellules
spécifiques a permis de définir plus précisément que les synergides du sac
embryonnaire représentent la source d’un signal de nature diffusibte agissant sur
courte distance et de façon directe sur le guidage du TP (Higashiyama et al. 1998). La
présence généralisée et la structure caractéristique des synergides chez les
angiospermes pounaient refléter l’universalité des synergides en tant que source de
signal de guidage du TP (Higashiyama 2002).
Les ions calcium ont été proposés comme molécule d’attraction du TP et
plusieurs études sont venues appuyer ce rôle potentiel (Weterings and Russell 2004).
Cependant, te signal de guidage chez Arabidopsis et Torenia semble spécifique à
l’espèce et agit sur courte distance (quelques centaines de im in vitro), contrairement
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aux ions calcium (Shimizu and Okada 2000: Higashiyama 2002). Récemment,
Marton et al. (2005) ont identifié Zea inays EGG APPARATLJS I (ZmEA]), un gène
codant pour un peptide qui présente plusieurs caractéristiques d’une molécule de
signalisation spécifique qui serait impliquée dans le guidage du TP sur courte
distance chez le maïs. Le gène ZmEA] montre entre autre une expression exclusive
dans l’appareil ovulaire des ovules matures non-fécondés et un transport progressif de
la protéine dans l’appareil filiforme et dans la région du nucelle entourant le
micropyle au cours de la maturation de l’ovule. Dans des lignées transgéniqtles sous-
exprimant Z,nEA], les TP perdent leur croissance directionnelle une fois arrivés à
proximité du micropyle d’environ la moitié des ovules. ZmEAI représente ainsi un
bon candidat de molécule de guidage du TP mais aucun réceptectr spécifique à ce
signal n’a encore été identifié.
1.2.4.2. Réception du tube pollinique
Suite à son passage dans le micropyle de l’ovule, le TP pénètre dans le sac
embryonnaire en passant par ou à proximité de l’appareil filiforme, une élaboration
de la paroi cellulaire micropylaire des synergides (Higashiyama 2002). Une fois
alTivé aux côtés de la synergide réceptive intacte ou dans le cytoplasme de la
synergide réceptive déjà dégénérée (Willemse and van Went 1984; Russell 1992;
Higashiyama 2002), la réception du TP s’effectue. La réception du TP implique
l’arrêt de croissance du TP, la rupture de son extrémité et la libération des deux
cellules spermatiques, qui migrent ensuite vers la cellule-oeuf et la cellule centrale
(Willemse and van Went 1984; Russell 1992; Higashiyama 2002). Chez Arabidopsis,
la synergide réceptive dégénère suite à l’arrivée du TP dans le sac embryonnaire,
produisant un gamétophyte femelle à trois cellules (FG8) (Christensen et al. 1997).
Selon des données génétiques, le gamétophyte femelle participe à la réception
du TP. Chez les mutants gamétophytiques Jeroizia (frr) (Huck et al. 2003) et sirène
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(si-n) (Rotman et al. 2003) d’Arabidopsis, le développement et la structure des sacs
embryonnaires sont normaux. Cependant, une fois pénétré à l’intérieur du sac
embryonnaire, le TP continu à croître et ne libère pas son contenct. Une prolifératïon
similaire du TP dans le sac embryonnaire a été observée lors de croisements
interspécifiques incongrues chez Rhododendron (Weterings and Russell 2004). Ces
observations suggèrent que la réception du TP implique un processus de signalisation
spécifique entre le TP et la synergide ou d’autres cellules du sac embryonnaire. Selon
les phénotypes des mutants kr et sm, le sac embryonnaire pouffait soit émettre un
signal qui induirait la réception du TP, soit percevoir tin signal issu du TP qui
entraînerait des changements, structuraux ou physiologiques, nécessaires à la
réception du TP (Rotman et al. 2003). L’isolement des gènes FER et SRN permettra
de mieux définir les mécanismes d’interaction entre les gamétophytes mâle et
femelle.
1.2.4.3. Contrôle maternel du développement de la graine
Suite à la libération des gamètes mâles dans le sac embryonnaire, la double
fécondation des gamètes femelles enclenche le développement de la graine et du fruit.
La fusion d’un premier gamète mâle avec la cellule-oeuf génère un zygote diploïde
qui se développera en embryon, représentant la nouvelle génération sporophytique,
alors que la fusion d’un second gamète mâle avec la cellule centrale génère la cellule
initiale de l’albumen qui se développera en un tissu nourricier triploïde. La
production d’une graine viable porteuse de la génération sporophytique suivante
requiert le développement coordonné de l’embryon. de l’albumen, ainsi que des
téguments de l’ovule en enveloppe de la graine (Russell 1992; Russell 1996). Des
analyses génétiques ont montré que le gamétophyte femelle participe également au
contrôle du développement de la graine à plusieurs niveaux, soit lors de l’étape de
l’initiation et lors du développement subséquent de l’embryon et de l’albumen
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(Drews et al. 1998; Drews and Yadegari 2002; Yadegari and Drews 2004; Brukhin et
al. 2005).
1.2.4.4. Contrôle maternel de l’initiation du développement de la graine
Lors de la reproduction sexuée, l’initiation du développement de l’embryon et
de l’albumen requiert normalement la fécondation des gamètes femelles par les
gamètes mâles. Cependant, les mutants gamétophytiques femelles f’rtllization
independent endospenn (fie ouJïs3) (Ohad et al. 1996; Chaudhury et al. 1997), medea
(inca ou fis]) (Chaudhury et al. 1997; Grossniklaus et al. 1998) et fr’rtiÏizatioit
iiidepenclent seecl2 (Jïs2) (Chaudhury et al. 1997), initient tin développement spontané
d’un albumen diploïde ainsi que de l’enveloppe de la graine et du fruit en absence de
fécondation. Chez le mutant multiple supressor of ira (nisil), le développement d’une
structure embryonnaire est initié en plus d’un albumen (Kohier et al. 2003a; Guitton
and Berger 2005). Ces phénotypes suggèrent que les gènes mutés répriment en temps
normal la prolifération cellulaire et ainsi le développement de l’albttmen et/ou de
l’embryon dans un sac embryonnaire non-fécondé. Les gènes FIE, MEA et FIS2 sont
exprimés principalement dans la cellule centrale du sac embryonnaire avant la
fécondation (Vielle-Caizada et al. 1999; Luo et al. 2000; Yadegan et al. 2000) et
codent pour des homologues de protéines homologues à celles des complexes du
groupe Potycornb des métazoaires, qui forment un complexe répresseur de
l’expression de gènes homéotiques (Grossniklaus et al. 1998; Luo et al. 1999; Ohad
et al. 1999). De façon analogue, chez Arabidopsis, un tel complexe réprimerait
l’expression du gène PHERES] (PHE]). qui code pour une protéine à domaine
MADS et dont l’expression est induite dans les premiers stades du développement de
l’albumen suite à la fécondation (Kohler et al. 2003b). Ces données montrent
l’importance du gamétophyte femelle dans le contrôle de l’initiation du
développement de l’albumen par l’expression d’un ensemble de protéines qui
répriment l’initiation en absence de fécondation. La fécondation permettrait d’initier
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le développement de l’albumen en inactivant ce complexe répressif par un mécanisme
encore inconnu.
1.2.4.5. Contrôle maternel du développement de l’embryon et de l’albumen suite
â la f&ondatïon
Lors de la fécondation des gamètes femelles, l’apport du génome des gamètes
mâles permet l’élaboration d’un embryon diploïde et d’un albumen triploïde.
L’identification de certains mutants gamétophytiques femelles montrent que, une fois
la fécondation effectuée et malgré la présence du génome paternel, le développement
subséquent de l’embryon et de l’albumen nécessite la participation de gènes
gamétophytiques femelles. Les mutations gamétophytiques femelles qui affectent le
développement suite à la fécondation, lors du développement de l’embryon et de
l’albumen, et dont les effets ne peuvent être contrebalancés par l’allèle provenant du
génome des gamètes mâles, sont définies comme étant des mutations
gamétophytiques à effet maternel et les gènes correspondant sont des gènes
gamétophvtiques à effet maternel. L’effet maternel d’une mutation gamétophytique
peut être causé par différents mécanismes (Grossniklaus and Schneitz 1998): (1) la
mutation perturbe le dosage génique (nombre de copie d’un gène) (2) la mutation
affecte un gène exprimé par le gamétophyte femelle avant la fécondation et qui est
spécifiquement requis pour le développement de l’embryon et/ou de l’albumen après
la fécondation; (3) la mutation affecte un gène dont seul l’allèle contribué par le
gamétophyte femelle est actif après la fécondation, l’allèle paternel étant inactivé par
“genoinic iniprinting”.
Plusieurs mutations gamétophytiques à effet maternel ont été identifiés
(Brukhin et al. 2005; Pagnussat et al. 2005). En plus des mutants fie, mea et fis2
mentionnés précédemment, dont les gènes maternels correspondants sont également
requis suite à la fécondation (Ohad et al. 1996; Chaudhury et al. 1997, Grossniklaus
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et al. 1998), les mutants cctpiilet] (capi) et capulet2 (cap2) (Grini et aI. 2002),
colistilutive triple response] (ctr]) (Christensen et aI. 2002) et prottfera (prl)
(Springer et al. 1995; Springer et al. 2000) d’Arabidopsis ainsi que le mutant
niaternat e/j’ct lethati (met]) (Evans and Kermicle 2001) du maïs en représentent
quelques exemples. Chez tous ces mutants, le développement de l’embryon et/ou de
l’albumen est anormal suite à la fécondation des gamétophytes mutants avec du
pollen de type sauvage. Le gène PRL code pour un homologue du DNA Repticutioii
Licensing Factor Mcm7, requis pour la réplication de l’ADN (Springer et al. 1995;
Springer et al. 2000), alors que le gène CTR] code pour une protéine kinase Raf
Ser/Thr, impliquée dans la transduction du signal de l’éthylène (Christensen et al.
2002). L’identité des gènes affectés clans les mutants cap], cap2 et met] n’est
cependant pas connue. Parmi les mutants gamétophytiques à effet maternels
identifiés, le mécanisme en cause dans l’effet maternel n’a été démontré que pour le
mutant mea, qui serait dû à l’inactivation de l’allèle paternel par “genoniic
imprinting” (Vielle-Calzada et al. 1999; Yadegari et al. 2000).
Suite à la fécondation, les tissus sporophytiques entourant le sac
embryonnaire subissent des changements morphologiques simultanément au
développement de l’embryon et de l’albumen. Certaines données génétiques montrent
la participation de gènes exprimés par les tissus sporophytiques de l’ovule dans le
contrôle du développement de l’embryon et de l’albumen suite à la fécondation
(Grossniklaus and Schneitz 1998). Ces gènes sont définies comme étant des gènes
sporophytiques à effet maternel. Par exemple, l’expression du gène SHORT
INTEGUMEtVT] (SIN]) d’Arabidopsis dans les tissus sporophytiques de l’ovule est
requise pour le développement de l’embryon, et ce indépendamment du génotype de
l’embryon ou de l’albumen (Ray et al. 1996). Des effets sporophytiques maternels sur
le développement de l’albumen ont aussi été observés lors d’une sous-expression dans
l’ovule spécifiquement des gènes MADS box FLORAL BINDING PROTEIN 7
(FBP7) et FBP1] chez le pétunia (Colombo et al. 1997). Le mécanisme d’action de
[9
ces gènes sur le développement de l’embryon et/ou la graine n’est cependant pas
déterminé.
1.3 Approche par génétique inverse (reverse genetics)
Notre compréhension des processus génétiques et moléculaires impliqués
dans la mégagamétogénèse et les évènements entourant l’initiation du développement
de la graine a jusqu’à récemment été principalement acquise par une approche de
“firwctrcÏ genetic”, à travers laquelle la compréhension d’un processus de
développement passe par l’identification de mutations qui produisent un phénotype
recherché, suivie par l’identification du gène muté correspondant tDrews and
Yadcgari 2002; Yadegari and Drews 2004; Brukhin et al. 2005). Cependant. cette
approche semble montrer quelques limitations quant au nombre de gènes pouvant être
identifiés et donc à une compréhension plus complète de ses bases moléculaires. Il a
été estimé que plusieurs milliers de gènes sont exprimés par le gamétophyte femelle
et qcle, parmi ceux-ci, seulement 600 pouffaient être identifiés par criblage génétique
de mutants (Christensen et al. 2002; Drews and Yadegari 2002). Cette limitation
serait en partie due à la redondance fonctionnelle des gènes, un processus par lequel
tin membre de la famille de gènes a le potentiel de complémenter entièrement ou
partiellement la fonction du gène muté ou sous-exprimé (Drews and Yadegari 2002;
Dresselhacis 2006). De plus, les effets pléiotropiques lors du stade de développement
sporophytique causés par des mutations sporophytiques pounaient masquer
l’implication des gènes correspondants dans les processus reproductifs reliés au
gamétophyte femelle.
Des approches basées sur le profil d’expression relié au gamétophyte femelle
doivent ainsi être utilisées de façon complémentaire à l’approche génétique.
Cependant, les problèmes à surmonter sont intrinsèques au système d’étude, étant
donné la taille très réduite du gamétophyte femelle et la difficulté à le séparer
nettement des téguments qui l’entourent. La création de lignées “gene-trcip” et
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“c’nhcincer-trap” exprimant un gène rapporteur visuel a par exemple mené à
l’identification et la caractérisation de quelques gènes exprimés dans le gamétophyte
femelle (Springer et al. 1995; Sundaresan et al. 1995; Acosta-Garcia and Vielle
Calzada 2004). Plus récemment des étctdes du transcriptorne ont été menées. Chez
Arabulopvis, pour qui le génome a été entièrement séquencé et la presque entièreté
des gènes codés par son génome ont été microalignés (niicroarravs), des gènes
spécifiquement ou préférentiellement exprimés dans le gamétophyte femelle (Yu et
al. 2005) et des gènes potentiellement impliqués dans la régulation du développement
reproductif (Kennig et al. 2004) ont été identifiés par comparaison des profils
d’expression. Chez le maïs et le blé, la mise au point de techniques de micro-
dissection in vitro pour isoler des gamétophytes femelles et de ses cellules isolées a
permis la construction de banques d’ADNc ainsi que le séquençage d’un grand
nombre d’ESTs correspondants (Kranz et aI. 1991; Dresseihaus et al. 1994; Kumlehn
et al. 2001; Le et al. 2005; Okamoto et al. 2005; Sprunck et al. 2005; Yang et al.
2006). Très peu de chevauchement a été trouvé entre les gènes identifiés dans les
divers ci-iblages génétiques et ceux issus des études sur le transcnptome jusqu’à
présent (Yang et aI. 2006), montrant la complémentarité de ces approches.
Les gènes ainsi identifiés peuvent servir de base dans une approche par
génétique inverse ciblée, par laquelle la fonction biologique d’un gène individuel ou
d’un groupe de gènes d’intérêt est déterminée par les phénotypes causés par une
altération dans leurs niveaux d’expression dans des lignées transgéniques. Les gènes
spécifiquement exprimés dans un type cellulaire peuvent servir de marqueur
cellulaire et les promoteurs de ces gènes peuvent être utilisés pour réguler
I’ exptession spécifique de transgènes.
1.4. Introduction au projet de recherche
Ce projet de doctorat s’inscrit à l’intérieur d’un projet plus global visant à
identifier et à caractériser des gènes impliqués dans la régulation de processus
21
reproductifs dans les organes femelles par une approche de génétique inverse, avec un
intérêt particulier pour les gènes potentiellement impliqués dans des voies de
signalisation et dans la régulation génique. L’identification de tels gènes a tout
d’abord été réalisée à travers un projet de séquençage d’ESTs générés par une
méthode dérivée de la soustraction virtuelle, qui permet d’isoler des gènes faiblement
représentés dans une population d’ARNm provenant d’un tissus d’intérêt (Li and
Thomas t998; Germain et al. 2005). Le faible niveau de représentation d’un gène
peut résulter d’une expression limitée à un petit nombre de cellules dans les tissus
analysés, ce qui est le cas par exemple des gamétophytes femelles dans les ovules, ou
d’cin niveau d’expression intrinsèquement faible dans les tissus analysés, ce qui peut
être le cas notamment pour les gènes impliqués dans des voies de communication
intercellulaire ou dans la régulation génique (Hu et al. 2003; Germain et al. 2005).
Ces travaux ont été effectués chez Solarium chacoense, une espèce de pomme de terre
sauvage et ainsi un proche parent d’espèces de grande importance économique telles
que la pomme de terre et la tomate. S. cïtacoense est auto-incompatible, permettant un
contrôle aisé du moment de la pollinisation, produit des ovaires contenant un très
grand nombre d’ovules et possède une mégagamétogénèse de type monosporique
Potvgonum, comme la majorité des angiospermes (Clarke 1940; Maheshwari 1950:
Dnyansagar and Cooper 1960: Estrada-Luna et al. 2004).
Cette thèse porte plus spécifiquement sur la caractérisation fonctionnelle des
gènes NOTCHLESS (NLE) et MIDASIN (MDN]) chez Sotanum cliacoense (Se) et/ou
Arabidopsis thcttiana (At). Le gène ScNLE a été isolé d’une soustraction virtuelle
effectuée sur environ 2 000 clones provenant d’une banque d’ADNc de pistils
récoltés 48 heures après pollinisation, une période correspondant aux évènements de
la double fécondation et de l’initiation du développement de la graine chez S.
chacoense. ScNLE est l’homologue du gène NLE de Drosophila ntetanogctster
(DmNLE), qui code pour une protéine à WD-repeat impliquée dans la régulation de la
voie de communication intercellulaire Notch (Royet et al. 1998). La voie Notch est
utilisée dans plusieurs processus de différenciation cellulaire locaux lors du
développement des métazoaires (Kimble and Simpson 1997; Ailavanis-Tsakonas et
al. 1999). justifiant ainsi l’intérêt premier d’étudier la fonction du gène NLE chez les
plantes, qui n’avait jusqu’à présent pas été déterminée. Le gène MDV] a été isolé par
double-hybride lors de la recherche de protéines interagissant avec ScNLE dans cette
étude. Ce résultat, combiné à ceux obtenus pour la levure par d’autres équipes de
recherche, suggère que NLE jouerait un rôle dans la biogénèse des rïhosomes.
Les trois prochains chapitres présentent les résultats de la caractérisation des
gènes NLE et MDN] lors du développement végétal. Les chapitres II et III portent sur
la caractérisation du gène ScNLE chez Sotanttni cÏzctcoense. Le chapitre II présente le
gène SeNLE ainsi que la caractérisation de son rôle lors de la reproduction sexuée. Le
chapitre 111 traite de la caractérisation du rôle de ScNLE lors du développement
végétatif et sur l’isolement de ScMDNI comme protéine interagissant avec ScNLE.
finalement, le chapitre IV poile sur la caractérisation fonctionnelle des gènes AtNLE
et AtMDN] chez Arabidopsis.
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Tableau 1-1. Catégories phénotypiques des mutants gamétophytiques femelles identifiés chez
.4 rabic/npviv et Te maïs*
Catégorie de mutant Nom du mutant Références
Mitotique
Stade à un noyau gf] (Christensen et al. 1997)
fti4, gfri5 (Feldmann et al. 1997)
ada, tva (Elowden et al. 199$)
fni2. fc’ni3, Jni9, feinl2, fem26, feni29, (Christensen et al. 2002)
i,n35, feni37, jein38
agpl8 (Acosta-Garcia and Vielle
Calzada 2004)
ec/a8 (Pagnussat et al. 2005)
Autres stades p,.l (Springer et al. 1995)
(Huang and Sheridan 1996)
hdd (Moore et al. 1997)
feni5,Jm1O,/niJ1,Jni]6,feni]8-frni25, (Christensen et al. 2002)
feni3O, fem3], feni33, frni34, feni36
cki] (Pischke et al. 2002; Hejatko et
al. 2003)
nomega (Kwee and Sundaresan 2003)
apc2 (Capron et al. 2003)
rbrÏ (Ebel et al. 2004)
,vwal (Shi et al. 2005)
edal-eda7, eda9-eda23 (Pagnussat et al. 2005)
lpat2 (Kim et al. 2005)
Caryogamie gfii2, gfri3. gfrt7 (Feldmann et al. 1997;
Christensen et al. 199$)
,naal, inaa3 (Shimizu and Okada 2000)
eda24-eda4l (Pagnussat et al. 2005)
Cellularisation gfa3,feni4 (Christensen et al. 199$;
Christensen et al. 2002)
frm6- feni8, fr’m] 1, feni]3, Jèni]5 (Christensen et al. 2002)
niyb98 (Kasahara et al. 2005)
Fécondation fer (Huck et al. 2003)
srn (Rotman et al. 2003)
une] -ttne]8 (Pagnussat et aI. 2005)
zmea] * (Marton et al. 2005)
Effet maternel fis] (mea), fis2, fis3 (fie) (Ohad et al. 1996; Chaudhury et
al. 1997; Grossniklaus et al.
1998)
,nel]* (Evans and Kermicle 2001)
(Holding and Springer 2002)
cap], cap2 (Grini et al. 2002)
ctrl (Christensen et al. 2002)
dme (Choi et al. 2002)
ineel-mee7O (Pagnussat et al. 2005)
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2.1. ABSTRACT
We have isoiated a plant NOTCHLESS (NLE) homoÏog from the wild potato
species Sotanztni chacoense Bitt., encoding a WD-repeat containing protein initially
characterized as a negative tegulator of the Notch receptor in animais. Although no
Notch signaling pathway exists in plants, the NLE gene is conserved in animais,
plants and yeast. Overexpression of the plant ScNLE gene in Drosophila simiiarly
affected bristie formation when compared to the overexpression of the endogenous
Di-osopÏiiÏa tVLE gene, suggesting functional conservation. Expression analyses
showed that the ScNLE gene was fertilization-induced and primarily expressed in
ovules after fertilization. mainly in the integumentary tapetum (endothelium) of the
ovule. Significant expression was also detected in the shoot apex. Promoter deletion
analysis revealed that the ScNLE promoter had a complex modulatory architecture
with hoth positive. negative, and tissue specific regulatory elements. Transgenic
plants with reduced leveis of Sc’NLE transcnpts displayed pleitotropic phenotypes
inctuding a severe reduction in seed set, consistent with ScNLE gene expression
pattern.
2.2. INTRODUCTION
In the life cycle of a flowering plant (angiosperm), a new sporophytic
gencration is established cluring seed devclopment. Seed development is initiated by
double-fertilization of the egg-cell and central celi of the female gametophyte. which
is emhedded within the maternaI sporophytic integument(s) of the ovule, by the two
sperrn ceils of the pollen. Double-fertilization triggers several developmental
programs, mainly: the fertilized cgg-cell irntiates embryogenesis. the fertiiized central
cdl forms a triploid nucleus that divides to give rise to the endosperm, and the
intcgciment starts differentiating into the seed coat. In coordination with seed
developrnent, the ovary develops into a fruit (Gillaspy et ctt., 1993). The moiecular
mechanisms crndcrlying fertilization and initiation of seed development events, such
as pollen tube guidance, pollen tube reception, and interactions between the different
seed components (embryo, endosperm, ovule integument), likely involves
intercellular signaling (Chacidhury et aL, 1997; Huck et al., 2003; Marton et aï.,
2005; Ohad et ctt., 1996; Rotman et cii., 2003). In animais, numerous celi fate
decisions and developmentai processes rely on cellular signaling through the Notch
pathway. Determining whether initially equivalent ceils will adopt epidermal or
neitral identity in Drosopliita and controlling germiine proliferation in
Caenorhabditis etegans represent only few examples (reviewed in Artavanis
Tsakonas et aï., 1999; Kimble and Simpson, 1997). The Notch pathway occurs
between adjacent signaling ceil (ligand-expressing) and receiving cdl treceptor
expressing). The skeleton of this pathway is made of three conserved core
components: a transmembrane DSL (Delta, Senate. Lag-2) lïgand, a transmembrane
Notch-type receptor, and a downstream CSL (CBF-1, Su(H), Lag-1) transcnptional
effector. The DSL ligand extraceliular domain of a signaling ccli first interacts with
the Notch-type extracellular domain of a receiving celi. This interaction leads to the
activation of the Notch intraceilular domain (NICD) by releasing it from the plasma
membrane. The NICD is then translocated into the nucleus where it serves as a
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coactivator of a CSL transcription factor to modulate gene expression. The receiving
ccli thus acquires an identity that differs from its adjacent signaling celi.
Severai proteÏns are known to be positive or negative regulators of the Notch
signaling activity (reviewed in Kadesch, 2000). Among these, the Drosopliita
melcinogaster NOTCHLESS (DmNLE) protein was shown to be a modifier of Notch
activity by genetic studies and to interact with the intraceliular domain of Notch by
GST puii-down and immunoprecipitation assays (Royet et al., 1998). Some mutant
alleles of the Drosophila Notch receptor (called notchoici) cause the formation of
notches on the edge of the fly’s wings. The DmNLE gene was isolated in a genetic
screen as a dominant mutant that couid suppress this notching, explaining the origin
of its name. How DmNLE regulates Notch signaling activity remains however
unclear. Interestingly, the mouse NLE homolog was found as a candidate gene for a
maternai factor present in oocytes that causes the DDK syndrome, which is defined
by embryonic lethality oC embryos from crosses between DDK females and non
DDK males (Le Bras et aÏ., 2002).
The NLE gene encodes a WD-repeat (WDR) protein. The main feature of
WDR proteins is the WD motif, which is almost exclusively found in eukaryotes.
This motif is defined as a stretch of 44 to 60 amino acids usually containing the Trp
Asp (WD) dipeptide at its C-terminus and a Gly-His (OH) dipeptide 11-24 residues
downstream from its N-terminus, but exhibiting oniy a iimited amino acid sequence
conservations at each other individual position (Smith et al., 1999; Yu et al., 2000).
The WD motifs are repeated in tandem from 4 to 16 times within a polypeptide and
fold together into a propeiler-shape piatform that serves in coordinating simuitaneous
andlor sequentiai protein-protein interactions with multiple partners (Smith et al.,
1999). Despite being structuraiiy related, members of the WDR protein superfamily
are however functionally very diverse. They are in fact invoived in a vast array of
moiecular mechanisms such as signal transduction, RNA processing, cytoskeletal
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dynarnics, chrornatin modification and transcriptional mechanisms, to name a few
examples (reviewed in Neer et al., [994; van Nocker and Ludwig, 2003).
tu Arabidopsis, van Knocker & Ludwig (2003) identified 237 WDR proteins
and classificd them into 143 distinct families according to sequence similarities.
Among these, some weIl characterized WDR proteins were shown to regulate various
developrnent processes in plants. For example, FIE and MSII are two WDR proteins
that together associate with ÏVŒA in a higher protein complex to repress gene
transcription in the central ccli of the embryo sac (Kohier et al., 2003). Their activity
is rcquired to repress the initiation of endosperm development in the absence of
fertilization. Loss-of-function mutations in these genes lead to precocious endosperm
tormation without the need for fertilization (Chaudhury et al., 1997; Kohler et aL.
2003: Ohad et ctt., [996). Msil mutants also initiate parthenogenetic deveîopment of
the emhryo (Guitton and Berger, 2005). Also involved in embryo and seedling
development, mutations in the TANMEI/EMB2757 WDR protein have recently been
shown to produce pleiotropic phenotypes (Yamagishi et at., 2005). LEUNIG is
another WDR protein reported to function as a putative transcriptional co-repressor in
the regulation of the AGAMOUS floral homeotic gene expression (Conner and Liu,
2000). One more example is COPI, a protein that possesses in addition a RING
finger motif and is proposed to act as an E3 ubiquitin ligase in the ubiquitin
proteasome degradation pathway (Osterlund et aÏ., 2000). Because copi mutants
show a photomorphogenic development when grown in the dark, COP1 is defined as
a negative regulator of photomorphogenic development in the dark (Deng et al.,
1991). Other WDR proteins are involved in cef f cycle regulation, such as CCS52, a
mitotic inhibitor that is required for endoreduplication (Cebolla et ctt., 1999). These
few examples demonstrate the importance of WDR proteins in the regulation of
diverse aspects of plant development.
In this report we descnhe the characterization of a plant homolog of the
DmNLE gene in Sotanttnz chacoense (ScNLE). Based on the analysis of the
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Arabjdopsis genome. most of the known components of the Notch signaling pathway
are ahsent from plants (Wigge and Weigel. 2001). However overexpression
experiments of the plant Nie homolog in Drosophila showed that ScNLE retains the
capahility to interact with the Notch receptor. In S. chacoense, ScNLE expression is
associated to the shoot apex and is also transiently induced by fertilization in some
structures of the ovary such as the endothelium of ovules. Analysis of transgenic
plants underexpressing ScNLE suggests a specihc role in feililization andlor post
tertilization events for this gene as weIl as a general role in shoot clevelopment.
-Y
2.3. MATERIAL AND METHODS
2.3.1. Plant material and growth conditions
We used the diploid (2n=2x=24) SoÏanum chacoense Bitt. (Potato
Introduction Station, Stui-geon Bay, WI) self-incompatible genotypes G4 (S12 and Sj4
self-incornpatibility alleles) as female progenitor and V22 ( Sl and S alletes) as
pollen donor. Plants were maintained by in vitro propagation on l/2X MS medium
with charcoal (I/2X MS saits. IX MS vitarnins, 20% sucrose, 0.5% deactivated
charcoal, 0.6% agar, pi-1 5.8) at 20-22°C with a photopenod of 16 h light and $ h
dark. Plants from 1 to 2 months old were transferred to sou and were grown in a
greenhouse with an average of 14 h of light/day for flower and fruit development
analyses.
2.3.2. Isolation and gel blot analysis of RNA and DNA
Isolation of total RNA, poly(A) mRNA and genomic DNA as well as gel
blot analyses were performed as described previously (Lagacé et al., 2003; Lantin et
at., 1999). For RNA gel blot analysis, 10 tg of total RNA for each tissue samples
were separated on gel. For DNA gel blot analysis, 10 tg samples of genomic DNA
were completely digested separately with 5 U/d of Hindiil, EcoRV. and EcoRI
restriction enzymes in an ovemight incubation, as recommended by the supplier
(New England Biolabs, Mississauga, ON). Probes were denved from full length
ScNLE cDNA labelled with a-[32P]-dATP (ICN Biochemicals, Irvine, CA) using the
High Prime DNA Labeling kit (Roche Diagnostics, Lavai, QC). Membranes were
exposed at —85°C with intensifying screens on Kodak Biomax MR film (Interscience,
Markham, ON).
2.3.3. Library construction and virtual subtraction
The cDNA library was made from 5 tg of po1y(A) mRNA isolated from
pistils 4$ HAP with the ZAP express® vector system (Stratagene, LaJolla, CA)
(Lantin et cii., [999). In order to enrich the screened Iibrary for non-redundant and
weakly exprcssed transcripts. a negative selection screen was performed (Germain et
aï., 2005).
2.3.4. lit sittt hybridization
Tissue samples were fixed, dehydrated and embedded in paraffin as described
previously (Lantin et ai., 1999). ht situ detection of ScNLE on 10 im thick sections
was performed as described previously (Lantin et al., 1999). Sense and antisense
digoxigenin-1 l-UTP (Roche Diagnostics) labeled riboprobes were synthesized from
the ScNLE cDNA cloned in the pBK-CMV vector using T3 and T7 RNA
polymerases (RNA transcription kit, Stratagene) after linearization of the plasmid
with XhoI or EcoRI, respectively.
2.3.5. ScNLE constructs for underexpression
For gene suppression using the antisense strategy, a —1500 bp fragment of
ScNLE cDNA was cloned in the antisense orientation in the pBN35S double
enhancer vector using the Hindili restriction sites (Bussiere et aï., 2003). For gene
suppression using the double-stranded RNA interference strategy, a —650 bp fragment
of ScNLE cDNA was cloned in the sense and antisense orientations in the pDarth
vector (OBrien et aï., 2002) frnm PCR products obtained with the NLEI4 (5’-
GAGAGGATCCAAACCACGCAGGGGAAGCTA-3’) and NLEI8 (5’-
GAGAGGCGCGGTACCCTATCCCATCCATAGCTTCAG) primers containing the
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BamHI and XhoI restriction sites respectively, and with the NLEI9 (5’-
GAGACTCGAGAAACCACGCAGGGGAAGCTA-3’) and NLE22 (5’-
GAGAGGCGCGCCCTATCCCATCCATAGCTTCAG-3’) primers containing the
XhoI and Asci restriction sites respectively. Plant transformation with Agrobactei-ium
tuniefttciens strain LBA4404 was canied out as descrihed previously (Matton et aï.,
1997).
2.3.6. Semi-quantitative RT-PCR
Apex RNA samples were purified from DNA contamination by treatment
with RNase-free DNase I on RNeasy® columns (Qiagen, Mississauga, ON),
according to the manufacturer’s instructions, and quantified. RNA samples were
reverse transcribed with M-MLV reverse transcriptase (Invitrogen Canada,
Burlington, ON) according to the manufacturer’s instructions, using 0.1 tg/tl oligo
dLf), 2 U/jil RNaseOUi’ (Invitrogen Canada), and 0.1 p.g!jil total RNA. PCR
mixtures contained 1/20 vol of cDNA sample, 1 tM forward and reverse primers,
200 iM dNTP, iX Taq buffer and 0.025 U/tl HotStartTaq DNA polymerase
(Qiagen). Endogenous ScNLE was amplified with the NLE2O (5’-
GAGAGGTACCCCTCTATTTCCTCTTAAGAG-3’) and NLE3 (5’-
TAGCGTTTTCAGGGAGGTAC-3’) pnmers and ACTIN was amplified with the
Act-IF (5’-CTGARGCMCCYCTTAAYCCCAAG-3’) and Act-IR (5’-
GTGRCTSACACCATCACCAGAGT-3’) degenerated primers. PCR reactions were
performed under the following conditions: 1 cycle of 95 °C / 15 mm; varying number
of cycles of 94 °C I 30 sec, 57 °C / 30 sec, 72 0C / 30 sec; I cycle of 72 °C / 5 min.
PCR products were run on an 1 % agarose gel, stained with ethidium bromide and
hands were scanned. For quantitative measurements, densitometric scans were
perforrned and ScNLE amplification products were normalized with their
corresponding ACTIN amplication products cising the ImageQuant software of a
Typhoon 9200 phosphor imager (GE Healthcare).
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2.3.7. ScNLE promoter cloning
A genome walking technique was used tc) isolate the promoter of the ScNLE
gene. Genomic DNA of S. chucoense was isolated with the DNeasy® Plant Mini Kit
(Qiagen). Adaptor-ligated genomic DNA libraries construction and PCR-based DNA
walking were performed according to a modified protocol oC the Universal
GcnomeWalkert’M Kit (Clontech, Palo Alto, CA). Three micrograms of genomic
DNA aliquots werc separately digested with iestriction enzymes Dm1, EcoRV, NaeI,
PvuII, Stctl, and 5mai restriction enzymes. Blunt-ended DNA fragments were then
ligated to the GenomeWalker adaptors. Primary PCR amplifications were performed
with adaptor-specific APi and gene-specific NLE26 (5’-
TTGCCTTCTGGGTCTGCCAACTGACATATG-3’) primers using a manual hot
start (40 tl PCR mix: I jil DNA library; 21.68 jil deionïzed F120; IX XL buffer II
(Perkin Elmer); 0.2 mM dNTP mix; 1.1 mM Mg(OAc)2; 0.1 iM APi primer; 0.1 tM
NLE26 primer. 10 tl hot start mix: 5.97 jil deionized 1-120; iX XL buffer II; 2 U rTth
DNA Polymerase (Perkin Elmer)). PCR program: 96°C, 5 mm; 7 cycles - 94 °C, 25
sec, 72 °c, 3 mm; 32 cycles - 94 °C, 25 sec, 67 °C, 3 mm; 67 °C, 7 min. Secondary
PCR amplifications were performed with nested adaptor-specific AP2 and gene
specific NLE27 (5’-AGCTTCCACTTCCACTTCCATCGTTTCTGC-3’) primers (40
p1 PCR mix: 1 pI pnmary PCR product; 21.68 p1 deionized H20; iX XL buffer II;
0.2 mM dNTP mix; 1.1 mM Mg(OAc)2; 0.1 pM AP2 primer; 0.1 pM NLE27 primer,
10 pI hot start mix: 5.97 p1 deionized H20; iX XL buffer II; 2 U rTth DNA
Polymefase). PCR program: 94°C, 5 mm; 5 cycles - 94 °C, 25 sec, 72 °C, 3 mm; 20
cycles - 94 °C, 25 sec, 67 °C, 3 mm; 67 °C, 7 min. DNA fragments obtained from
secondary PCR were gel-extracted with the QlAquick® Gel Extraction kit (Qiagen)
and cloned with the TOPO TA cloning® system (Invitrogen) according to the
manufacturer’s instructions. Cloned DNA fragments were sequenced to confirm
identity.
2.3.8. Promoter-GUS fusion construets
Four regions of the ScNLE promoter tvere PCR amplified from S. chacoense
genornic DNA using PWO DNA Polymerase (Roche Diagnostics). The vector
pCarnhia-1291Z (CAMBIA, Canberra. Australia) was used to create transiationai
fusions with the GUS reporter gene. The upstream primers used for amplifying
promoter DNA fragments of various sizes were: NLE3I (-1171) 5’-
GAGAGAATTCTTGGAGCGTGTTTTATCÀAG-3’; NLE3O (-695) 5’-
GAGAGAATTCAGCTATATTAGCTCACCGTTC-3’; NLE29 (-400) 5’-
GÀGAGAATTCTGCCAAATGTGAAACAATGTC-3’; and NLE3Ô (-113) 5’-
GAGAGAATTCATCTTTGCAAAGCTGAAA-3’. These upstream primers were
tagged with the EcoRI restriction site sequence (in hold in the above mentioned
primers). The downstream primer NLE28 (5’-
GAGACCATGGCACTGTTTGTTGCTTCTCTC-3’) is tagged with the NcoI
restriction site (in bold) and vas used in ail the PCR amplifications. ihe 3’ nucleotide
position for ail the promoter regions cloned corresponds to +58. PCR products were
digested with and ligated to the EcoRI and NcoI sites of pCambial29lZ. The
amplified sequences and junctions of [he construct were confirmed by sequencing.
Plant transformation with Agrobacterium tttmefrzciens strain LB A4404 was carried
out as described previously (Matton et al., 1997).
2.3.9. GUS staining
Tissues were collected and immediately fixed in 90% ice-cold acetone and
incubated 20 min at room temperature. Tissues were rinsed twice with a GUS
working solution (50 mM sodium phosphate, pH 7.2, 2 mM KFe(CN)6, 2 mM
K4Fe(CN)6, and 0.2% Triton X-100) for 20 min each at room temperature. Atter
rinsing. tissues were vacuurn infiltrated for 40 min with 5-bromo-4-chloro-3indolyl
f3-D-glucuronide cyclohexylamine (XGlctc) sait, added to GUS working solution to a
final concentration of 2 mM, and then inctibated at 37 oc overnight. The reaction was
terminatcd and tissues were cleared in 70% ethanol added fresh once a day for a
wcek.
2.3.10. t’vlicroscopy
Plant material embedded in paraffin was prepared for sectioning as desciibed
for iii situ hybridization. Tissues stained for GUS expression were fixed in
formaldehyde-acetic acid (3.7 % formaldehyde, 5 % acetic acid. and 50 ¾ ethanol)
for 2 h and dehydrated through an ethanol series and embedded in paraffin. Paraffin
blocks were thmmed to reveal internai tissues and surface-exposed tissues were
counter-stained with safranin to localize GUS coloration (Kim et aÏ., 2002).
Sectioned tissues were visualized under a dissecting microscope. For flower hud
rnorphotogy analysis, sections 10 tm thick were rehydrated and stained with
safranine overnight. thoroughly washed in water and then stained with Astra blue for
20 min. After two washes in water, sections were dehydrated and mounted in
Permount.
2.3.11. DNA sequencing and analysis
Approximately 200 ng (5 i.tl) of plasmid DNA and 15 tl of reaction mixture
containing 8.5 tl of water, 3.5 pi 5X sequencing buffer, 2 pi primer at 0.8 !.iM, and 1
iii Big Dye Terminator Ready Reaction Mix (PE Appiied Biosystems) was used for
the sequencing reaction. Sequencing reactions were preformed on a GeneAmp PCR
System 9700 (PE Applied Biosystems), and the cycling conditions were: 96 °C. 10
sec; 50 °c, 5 sec, 60 °c, 4 min for 25 cycles. DNA sequencing was performed on an
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Applied Biosystem ABI 3 [0 automated sequencer. Sequence alignments were
per{ormed with the ClustalW module of the MacVector 7.2.3 software (Acceirys).
Database searches were conducted with the BLAST puogram at The Arabidopsis
Ink)rmation Resource (www.arahidopsis.org) and at the National Center for
Biotechnotogy Information (hi.nlrn.nih.ov).
2.3.12. Drosophita transformation
Details on overexpression expenments in Dmsophita have been described
previously (Royet et aï., 199$).
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2.4. RESULTS
2.4.1. Isolation of the NLE gene in Sotanum chacoense
Key regulatory genes involved in development, as opposed to housekeeping
genes. are generaily weakiy expressed and highly tissue-specific (I-lu et al.. 2003).
We have initiated a negative selection screen targeting weakly expressed genes. with
the aim of identifying regcilatory genes involved in fertilization and seed initiation in
Solanttni chacoense ta close relative of the potato and tomato) (Germain et aÏ.. 2005).
S. citacoense is self-incompatible and pollination time can therefore be easily
controiled. Pollen tubes reach the first ovules in the ovary around 36 hours after
pollination (RAP) and fertilization is completed for ail ovules around 42-48 RAP
(Clarke, 1940; Williams, 1955; and our unpublished observations). The selection
screen was initially carried on 2000 clones obtained from a cDNA library of pistils
collected 48 HAP. A total of 250 clones were selected and sequenced. À homolog of
the Drosophila melanogaster NLE gene (DmNLE) was isolated and named ScNLE
(for Sotanum chacoense NLE). The DmNLE gene was initially isotated in a
suppressor screen in a viable Notch receptor mutant background and was
characterized as a regulator of Notch signaling activity (Royet et al.. 1998).
The longest ScNLE cDNA isolated consisted of 1827 bp (excluding the poly
A tau) and likely represented the full-length or near full-length ScNLE mRNA since
it corresponded to the size of the mRNA detected in gel blot analyses (-1.8 kb). The
ScNLE cDNA contained a single long open reading frame (ORF) with two in frame
initiation codons at positions 65 (AGAUUAAUGGCA) and 77 (AAACGAUGGAA)
from the first nucleotide of the cDNA. The second AUG thus shows higher similanty
with the plant translation start site consensus sequence for the dicots
(aaA(AJC)aAUGGCu) (Joshi et al., 1997). Furthermore, sequence comparison with
amino acid sequences from plant NLE orthologs (data flot shown) suggests that the
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second ATG represents the most probable transtational initiation start site. Thus. the
deduced ScNLE protein is 482 aa long and has a predicted molecular weight of 53.2
kDa.
ScNLE gene copy number was determined by DNA gel blot analysis (Figure
2-lB). Three hybridizing fragments couÏd be detected from HindIli (4.5, 2.0 and 1.3
kb). two from EcoRV (7.0 and 3.0 kb), and two from EcoRi (5.0 and 4.2 kb)
restriction enzymes. Since there are two HindIlI (position 233 and 1799) and one
EcoRV (position 1393) sites in the cDNA sequence, this suggests that ScNLE is a
single copy gene in S. chacoense. Accordingly, analysis of the Arabidopsis genome
sequence revealed the presencc of only one copy of the AtNLE gene (At5g52$20).
2.4.2. Sequence analysis of ScNLE protein
A BLÀST search of the GenBank protein database revealed that ScNLF
exhibits highest overail similarities with plant sequences obtained from Arabidopsis
thatiana (76% identity, 88% similarity; BAB 10430) and Orvza sativa (78% identity,
89% similarity; ABA94577). Moreover, ScNLE showed high overali sequence
conservation with orthologs from Xenoptts laevis (56% identity, 74% simiiarity;
AAC62236), Sacchammyces cerevisiae (47% identity, 68% similarity; NP_009997
or YcrO72cp) and Drosophila metcmogaster (52% identity, 71% similarity;
AAF5 1479).
The NLE protein contains a Nie domain Eoliowed by a WD-repeat (WDR)
domain (Figure 2-lA). The Nie domain was defined as a region with a high degree of
sequence conservation in the N-terminal portion of NLE homologs (Royet et al.,
1998). S. cÏzacoense and D. inelanogaster Nie domains are 42% identical (64%
simiiar). Use of predicti ve tool s (http://BMERC-www . bu.edti/wdrepeat) al lowed the
identification of eight WD repeats in the WDR domain of ScNLE (Figure 2-lA). A
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WD motif is defined as a stretch of 44 to 60 aa that typically contains the GH
dipeptide 11-24 residues from its N-terminus and the WD dipeptide at its C-termincts.
but that exhibits only a limited amino acid sequence conservation at each individual
position (Smith et aï., 1999; Yu et ctt., 2000). Seven of the eight WD repeats in
ScNLE range from 41 to 48 aa in length. The fifth WD motif is unusually long (78
aa) and Royet et aï. (1998) considered this fifth repeat as representing two different
WD repeats lacking the signature residues. Our analyses indicated instead that this
rcgion represents a unique WD repeat that contains a small insertion. Surface
exposed residues in a WD repeat are predicted to be grouped in the variable regïons I
and 11 (Srnith et al., 1999) (Figure 2-lA). These regions are responsible for rnost
protein variability and would determine the specificity of protein interaction with
protein partners. Despite a hïgh overali homology between corresponding WD tepeat
of ScNLE and DmNLE, ranging from 43% to 72% identity, comparison of their
corresponding variable regions I and II revealed a variation in the degree of sequence
identity, with very low conservation fotrnd in some of these regions. On the basis of
these observations, protein partners of ScNLE and DmNLE have tikely diverged in
plant and animal organisms.
2.4.3. ScNLE is a partial functional homolog of DmNLE in Drosophila
To determine whether the high overail amino acid sequence identity between
ScNLE and DmNLE reflects conservation in protein function, the plant ScNLE
protein was overexpressed in the thorax of fruit flues by driving a UAS::ScNLE
construct under the control of apterous::GAL4 (ap-GAL4). In Drosopïziïa,
modulating the Notch signaling pathway influences, among other things, the number
of thoracic ceils that differentiate into bnstle instead of epidermal ceil. The
overexpression of DntNLE in Drosoplziïa was reported to cause a significant
reduction in the number of bristies formed on the thorax (196.0 ± 3.0, n=17)
compared to ap-GAL4 control unes (2 14.2 ± 2.7, n=9) (Royet et aï., 1998).
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lnterestingly, the overexpression of ScNLE also caused a significant reduction in the
number of thoracic bristies formed, with an average of 127.9 ± 8.1 bristles per thorax
(n=t6, p<O.00I) (Figure 2-IC). This resuit indicates that ScNLE is able to
accomplish, at least partially, the same function as DmNLE protein when
overexprcssed in tues. Kowever, some strong ScNLE overexpuessing unes obtained
from these experiments and were associated with phenotypes neyer observed in
DmNLE overexpressing li nes. Strong ScNLE overexpressing I mes produced much
less brisiles comprising large, medium, and also unusual tiny bristles (Figure 2-1C).
Furthei-more, the fly’s thorax seemed to collapse, suggesting the Ioss of some internai
tissues. Since these additional phenotypes were not observed with DuiNLE
overexpression, it is Iikely that ScNLE and DmNLE are not fully functional
homologous proteins, as can be expected.
2.4.4. ScNLE expression pattern in Sotanum chacoense
ScNLE mRNAs expression pattem was determined in plant tissues hy RNA
gel blot analyses. We first focused on SciVLE expression pattem in ovahes since
ScNLE cDNA was isolated from a pollinated pistil cDNA library. figure 2-2A shows
a broad time-course analysîs using isolated ovules. Weak expression signal was
detected in ovules from unpollinated flowers (O h). Interestingly, the expression was
strongly and transiently increased two days after pollination (DAP), decreasing to
basal levels by four DAP. A more detailed time-course analysis was also caffied oui
with pollinated ovaries (Figure 2-2B). ScNLE expression was weak from O to 30
hours after pollinatïon (HAP) and was significantly increased ai 36 HAP. Peak
expression was reached around 42 HAP (Figure 2-2B) and then slowly declined 10
basal levels (Figure 2-2A). This transient increase in ScNLE gene expression around
36 to 42 HAP corresponds exactly to the intense period of basipetal fertilization of
the multiple ovules present in the ovary and 10 the initiation of seed development in
some Solanaceous species, including S. chacoense (Clarke, 1940; Williams, 1955),
45
and our ctnpublished resuits). To confirm that the strong increase in ScNLE
cxprcssÏon was fertilization-dependent and flot only a consequence of pollinatïon, we
took advantage of the gametophytic self-incompatibility system present in S.
cliacoense. following a self-incompatible pollination, pollen tubes are normaliy
stopped in the top 2/3 of the style and no increase in ScNLE mRNA levels could he
observed in ovaries (Figure 2-2B). This rescilt confirmed that the increase in ScNLE
expression was feili li zation-dependent.
We also tested for ScNLE expression in various plant tissues. Figure 2-2C
shows that no signal was detected in the vegetative tissues tested, including tuhers,
mots, stems and leaves, nor in floral organs such as petals, anthers and pollen grains
or tubes. RNAs from ovaries 3 DAP served as a positive control in this RNA gel blot.
Although no expression could be initialÏy detected in vegetative tissues, shoot apices
containing the shoot apical meristem (SAM) and organ primordia were also tested
(sec also transgenic phenotype section below). As for other tissues tested, a single
band of —[.8 kb, colTesponding to the length of the longest ScNLE cDNA isolated,
was also detected in the shoot apex (Figure 2-2C).
2.4.5. In sitit detection of ScNLE
In situ hybndization was used to further examine ScNLE inRNA expression
pattern in ovaries 48 RAP, a time point corresponding to high ScNLE expression
levels in RNA gel blot analysis (Figure 2-2À). Rybridization signais were more
strongiy associated to the outermost cdl layers of the placenta and to the endothelium
(also cailed the integumentary tapetum) of ovules, which ïs the innermost ccli layer of
the integument (Solanaceous ovules are unitegmic) (figure 2-3A) as weil as in the
zygote (Figure 2-3C). ScNLE expression was also strongiy detected in the vascular
tissues of the receptacle and of the ovary (Figure 2-3A) as well as of the funiculus
(Figure 2-3D).Uniform and weaker expression of ScNLE was detected in inner
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placenta ceils (Figure 2-3A). Equivalent tissues were hybridized with a SciVLE sense
probe as negative controls and no signal coutd be detected in these tissues (Figure 2-
3B, E), confirming the specificity of the ScNLE hybridization pattem obtained. Such
expression pattem suggests that ScNLE plays a role in some specific response
immediately following fertilization.
2.4.6. Analysis of cis-regulatory regïons requïred for expression of ScNLE in
ovary
As a hrst step in defining the cis-regulatory regions required for specific
expression pattem of SeNLE in the ovary, a promoter deletion analysis was
performed. A 117f bp fragment upstream of the transiational initiation site
(numhered as +1) was isolated hy a genome walking technique. A series ot 5’
deletions with end points at -1171, -695, -400, and -113 from the translation start site,
and comprising a part of the coding region (+58), were fused in-frame to the uidÀ
reporter gene encoding the 3-glucuronidase (GUS) protein (Figure 2-4). The resulting
chimeric gene constructs were subsequently transformed into WT S. chacoense
plants. At least five stable trangenic plants of each construct were analyzed for the
expression pattems of GUS activity. Variability in the pattems of GUS activÏty within
the difterent unes generated ftom the same construct was observed, which is
consistent with resuits obtained in other studies and could be attnbuted to position
effects (Honma and Goto, 2000; Tilly et ai., 1998). A summary of the deletion
constructs and the relative intensities of GUS staining observed in more than half of
the samples, unless specified otherwise, is reported in Figure 2-4. Typical GUS
staining pattems ftom tissue sections are shown in Figure 2-5. With construct PNLE
1171 in flowers 48 RAP, obvious GUS staining was found in a region of the
receptacle below the ovary (Figure 2-SA). This stained region of the receptacle
compnsed mainly the vascular tissues of the receptacle as suggested by a more
precise localization in lightly stained samples (Figure 2-5D). Staining was weak and
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unifoim in the placenta with a darker outermost ccli layer (figures 2-5B, C). Finally,
in about one third of the ovaries anaiyzed, the fttniculus of ovules was also stained
(Figures 2-5B, C). GUS activity was flot detected, or sometimes only faintty detected,
in petals and anthers (Figure 2-5E), confirming resuits ohtained hy RNA gel blot
analysis (Figure 2-2C). The observed pattern of PNLE-1171 GUS staining
recapitulated only partially the pattern of endogenous ScNLE transcripts reveaied by
in situ RNA hybridization (Figure 2-3). In accordance, GUS activity was detected in
the vascular tissues of the receptacie, in the placenta and the funiculus. However, the
absence ot GUS staining in the endothelium of ovules and in the vascular tissues of
the ovary as well as the presence of GUS staining in the receptacle outside the
vascular tissues ditiered from the SeNLE expression pattem determined by in situ
hybridization (compare Figures 2-3 and 2-SA). Therefore, the -1171 bp region
upstrearn of the ScNLE gene contains some, but flot ail, of the regulatory elements
necessary for normal (wiid-type) expression pattem observed in the ovary, as
determined by in situ hybridization. These resuits also suggest that a silencer element
is required to inhibit ScNLE expression in the receptacle and that additional
regulatory elements, either upstream of the -1171 position, or downstream of the +58
position, are also required for expression of the ScNLE gene in the endothelium of
ovules and vascular tissues of the placenta (Figure 2-6A).
Further deletion analyses uncovered other aspects of ScNLE gene expression
regulation. Promoter deletion up to -695 gave identical GUS staining pattems as for
the PNLE-1171 construct (Figure 2-5F), suggesting that the regulatory elements
driving the expression pattem in the ovary 48 HAP observed with the PNLE-1171
construct are flot compnsed in the -1171 to -695 region of ScNLE promoter. Further
deletion to -400 however lcd to the Ioss of specïficity of GUS expression in the ovary
(figure 2-5G). GUS distribution with the PNLE-400 construct was more extended in
the receptacle and was also uniformly distnbuted in ail the tissues of the ovary.
Therefore, the -695 to -400 region of ScNLE promoter seems to comprise a silencer
element for repression of ScNLE expression in several tissues of the ovary 48 HAP,
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such as in external regions of the receptacle. in the carpe! wall, and in the ovule’s
integument, to allow a specific expression pattem of the gene (Figure 2-6A). A
fuiïher deiction to -113 abolished GUS expression in alt ovary tissues 48 RAP except
the placenta (Figure 2-5H), suggesting that the -113 to +58 region and the -195 to -
113 region contain positive regulatory elements essential for ScNLE expression in the
placenta and the other ovary tissues, respectively (Figure 2-6A).
RNA gel blot analyses showed that ScAÏLE expression in ovules and ovaries
was very weak in unpollinated mature flowers (O HAP) and was strongly increased
around fertilization time (4$ RAP) (Figures 2-2A, B). We next wanted to deterniine
whethcr a regulatory element responsible for this increase in ScNLE expression was
present in the 1171 bp promoter region analyzed. RNA gel blots made with total
RNA cxtracted from ovaries at time O and 48 HAP after fertïlization collected from
the same transgenic lines cised to study GUS staining pattems were probed wïth a
labeled Gt]S insert and, as interna! control, with a ScNLE probe to detect the
expression of the endogenous ScNLE gene. A summary of the results is reported in
Figure 2-4. Equa! loading of the samples tvas confirmed by probing with ihosomal
1$S (data flot shown). With construct PNLE-1171. a considerab!e increase in GUS
expression levels from O RAP, where expression was barely detectab!e, to 48 HAP
recapitulated the pattem of endogenous ScNLE expression levels, suggesting that the
promoter region analyzed contained regulatory element(s) that respond to the
fertilization event. Deletion of region -1171 to -695 led to hïgher expression of GUS
in ovanes O RAP when compared to endogenous ScNLE expression, suggesting that
this iegion comprises a negative regulatory e!ement for repression of ScNLE
expression in the ovary in absence of fertilization (Figures 2-4 and 2-6A). Despite the
appearance of GUS expression in ovaries O RAP when region -1171 to -695 was
removed, ScNLE promoter deletion down to -400 generally still led to an increase in
GUS expression levels from O to 48 RAP. With the PNLE-695 construct in ovaries 48
RAP, GUS was expressed at simi!ar leve!s to endogenous ScNLE whereas with the
PNLE-400 construct, GUS expression was stronger than that of the endogenous
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SciVLE, a resuit that is consistent with Ioss of tissue-specific activity of ScIVLE
promoter and hence, widespread distnbution of GUS, as shown previously with this
construct (figures 2-4 and 2-5G). Further promoter deletion to -113 however
completely abolished the increase in GUS expression levels from O to 48 HAP.
leading to equal GUS expression tevels at O and 48 HAP, lower than endogenous
ScNLE. Thcse resuits altogether suggest that region -400 to -113 of SeNLE promoter
comprises a positive rcgulatory element that responds to fertilizatïon in the ovary
(Figure 2-6A).
2.4.7. Analysîs of cis-regulatory motifs in NLE promoter sequences
To Iink the cis-regulatory regions we have identified to candidate transcription
factors, we searched the SciVLE prornoter for different sequence motifs recognized hy
transcription factors that had been shown to he expressed in ovary tissues by in sitit
hybridization. Because oiïhologous genes frequently have common expression
pattems, we also determined whether these sequence motifs were common to
available putative NLE promoters from different plant species (ArabicÏopsis thaÏianci,
Oryza sativa var. japonica, Poputus trichocarpa). Regions of about the same length,
upstream of the predicted translation start site were analyzed (in ail cases the exact
transcription initiation bas not heen experimentally detennined). figure 2-6B
illustrates the relative position of the putative cis-regulatory elements identified by
using visual inspection or the plant cis-acting regulatory DNA element database
(PLACE; Higo et aÏ., 1999). None of the NLE promoters analyzed have an obvious
TATA box but ail of them possess a putative basic promoter CAAT box. In the
ScNLE promoter, the CAAT box is iocated in the -400 to -113 region, which was
found to be essential for driving the expression of GUS in several tissues of the ovary
4$ HAP (Figctres 2-5G-H, 2-6). Four sequences showing a nine in ten match to the
CArG box (consensus CC[À/TI6GG). boLind by MADS domain proteins (Acton et al.,
1997; Huang et aÏ., 1993), were identified in the -1171 to -695 and -695 to -400
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region of ScNLE promoter, which were shown to be required for fertilization
dependent response and tissue-specific repression of GUS expression, respectivel y
(Figures 2-5F-G, 2-6). The cote binding sequence of the Arabidopsis PRHA
homeodomain transcription factor (TAATTG) (Piesch et al., 1997) was additionally
found in the same region. In A. thaliana, two putative CÀrG boxes and three PRHA
binding sites were identified within the first 927 bp of the extended promoter. In P.
trkhoccirpa, two putative CÂrG boxes and one PRHA binding site were found within
1194 hp whereas in O. sativa, one putative CArG box and no PRHA binding site
were focind within 1166 bp. Finally, several AAAG seqclences, representing the core
binding site of Dof transcription factors (Yanagisawa, 2004), are scattered along ail
the NLE promoter sequences analyzed,. In the ScNLE promoter, these are present in
aIl the deletion regÏons analyzed. Dof transcription factors are known to interact with
bZIP (Conlan et cii., 1999) and MYB (Diaz et al., 2005; Diaz et aÏ., 2002) bïnding
proteins. No cote sequence for bZIP hinding (ACGT) have been found in the 1171 bp
upstream region of ScNLE promoter but several sequence motifs recognized by
different MYB transcription factors have been focind by the PLACE database (data
flot shown) in the ail the NLE promoters analyzed.
2.4.8. Reducing ScNLE expression levels in S. chacoense caused reduced fertility
b investigate the function of ScNLE dunng plant reproductive development,
we generated transgenic ScNLE underexpressing unes and analyzed the phenotypes
associated with ovary development following fertilization. WT S. chacoense plants
were transformed with part of the ScNLE cDNA either in the antisense orientation
(asNLE unes) or as a double-stranded RNA construct (RNA interference construct,
1NLE unes) driven by the strong and constitutive CaMV 355 promoter. Among the
transgenic lines obtained, a total of fout unes, namely asNLE3, asNLE5, iNLE5 and
iNLE6, showed similar pleiotropic phenotypes including dwarfism (Figure 2-7A) and
defects in seed and fruit development (Figures 2-7 E-G). RT-PCR analyses using
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primers that annealed to a region of ScNLE cDNÀ not included in the transgene
constructs revealed that ail four unes had a reduced endogenous ScNLE transcripts in
apex tissues relative to WT (Figure 2-7B). Severity of the phenotypes in these unes
did flot however correlate with the severity in ScNLE expression reduction. While
asNLE5 and iNLE6 showed the strongest phenotypes and an average of 88% and
62% of WT transcript levels, respectively, the asNLE3 had intermediate phenotypes
with 2$ % of transcripts, and iNLE5 was mildly affected in some developmental
aspects despite a reduction of transcripts to 32%. This absence of colTelation is
consistent with results obtained in previous studies showing that the production of
abnormal phenotypes induced hy RNAi is flot aiways correlated with a significant
decrease in transcript leveis (Acosta-Garcia and Vielle-Calzada, 2004: Kerschen et
aÏ.. 2004). Fwlhermore, the phenotypes were stahly maintained over time.
In the extreme case of iNLE6 une, flower bttds sometimes initiated but aiways
dropped at very early stages of their formation. This phenomenon was also observed
for the asNLE5 une with the exception that some of the huds could reach maturity.
Because asNLE3 and asNLE5 showed the more obvious post-fertilization defects,
phenotype analyzes were carried on these unes. flowers that were formed from these
underexpressing li nes produced apparenti y normal ovule-containing ovaries (figures
2-7C. D). However, when asNLE3 and asNLE5 flowers were cross-pollïnated with
WT compatible pollen, their fruits were aiways smaller than those produced from WT
plants during the course of their development (Figure 2-7E). At maturity, at 36 DAP,
volume of asNLE3 and asNLE5 fruits were about 55% and 40%. respectiveiy, of the
WT fruits. Both asNLE3 and asNLE5 mature fruits had higher proportions of small
aborted ovules and aborted seeds than the WT. More exhaustive dissection of
asNLE5 mature fruits revealed 30% of small aborted ovules, 60% of flat aborted
seeds of varied sizes, and 10% of bulging embryo-containing seeds (figure 2-7G). In
contrast, WT seeds contained an average of 1% aborted ovules, 25% aborted seeds
and 74% embryo-containing seeds (Figure 2-7F). High occurrence of natural seed
failure has been reported in numerous Solanaceous species (Clarke. 1940;
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Dnyansagar and Cooper, 1960; Kapil and Tiwari, 1978). The high proportions of
unfertilized ovules and aborted seeds obtained in the asNLE5 underexpressing une
suggest that ScNLE plays an essential mie in reproductive processes in the fernale
organ s.
2.5. DISCUSSION
Using a negative selection screen for weakly expressed mRNAs in fertilized
ovaries we have isolated in the wild potato species SoÏanuni chctcoe,zse, a homoiog of
the Drosopliita NOTCHLESS (NLE) gene, which encodes a WDR protein. DinNLE
was isolated in DrosopÏiila through a genetic screen for modifiers of Notch signaling
activity, and its narne cornes from the analysis of loss-of-function itie mutant alleles
that dominantly suppress the wing notching caused by some Notch alleles (Royet et
cii., 199$). Overexpression of NLE in Xenoptis and DrosopÏziÏa also exerts a
dominant-negative effect in that it aiso increases Notch activity. In Drosopltita,
genetic and biochemical evidences show that DmNLE modifies Notch signaling
activity through a direct interaction with the Notch receptor intracellular domain
(Royet et ciL, 199$). Although the Notch pathway is flot present in plants and yeasts,
NLE is nonetheiess highiy conserved between animais, plants and yeast, suggesting
therefore functionai conservation of the gene in these organisms.
In this sttidy, we have demonstrated that the plant ScNLE gene can affect
bristie formation similarly to DmNLE when overexpressed in the fruitfly (Figures 2-1
B-C). This finding is interesting as it requires that ScNLE is ahie to interact with the
DrosopÏzila Notch intracellular domain and possibly with other regulatory
components of the pathway. Therefore, ScNLE and DmNLE are likely to share an
analogous mode of action and to be part of cellular processes common to both plants,
yeast and animais. The additional and unique phenotypes produced by strong ScNLE
overexpressing flics (Figure 2-1C) could he attributed to a difference in prntein
protein interaction efficiency between the plant ScNLE protein and Notch pathway
components. This hypothesis is supported by the weak sequence conservation
between several conesponding surface-exposed regions (regions I and II in figure 2-
lA) of ScNLE and DmNLE. These regions are thought to confer specificity of
interaction with protein partners and WD repeats having more similar surface
exposed regions are more likeiy to share common binding partners (Smith et aL.
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1999). Because most of the Notch pathway components do flot exist in plants taud
yeast), the conserved cellular function of NLE would have adapted to serve separately
animal-specific and plant-specific developmental processes. Accordingly, plants and
animais use divergent signaling pathways (Wigge and Weigei, 2001). With about 417
members in Arahidopsis, receptor-like kinases (RLKs) constitcite the iargest famiiy of
transmembrane receptor in higher plants (Shiu and Bleecker. 2001) and therefore
represent a most probable candidate if ScNLE regulates the activity of a receptor in
plants. Such a situation would then be a reminder of AGB1, a WDR protein
orthologous to the G3 subunit of the heterotrimeric G protein. In animais, G protein
associates with the intracellular domain of G Protein-Coupled Receptors (GPCRs). In
plants, although the homolog ot the G3 subunit GPAÏ was reported to interact with n
GPCR-type of receptor (GCR1) (Pandey and Àssmann, 2004), genetic evidences aiso
suggest that AGBI would interact with ERECTA, n leucine-hch repeat receptor-like
kinase (LRR-RLK) (Lease et aÏ., 2001).
The importance of the AILE gene duhng plant growth and development was
also revealed in this study carried in S. chacoense. The expression pattern of the gene
and the pteiotropic phenotypes caused by its underexpression showed that ScNLE is
uscd reiteratively in multiple developmental processes, which may flot he surprising
since WDR proteins are able to mediate interactions with multiple binding partners in
a sequential andlor simultaneous manner (Smith et aÏ.. 1999).
In addition of being invo]ved in plant vegetative development, we have shown
that ScNLE plays other roles dunng fertilization andlor post-tertilization events.
ScNLE mRNA expression was up-regulated immediately following fertilization and
this increase was transient, with ScNLE expression going down to basal levels within
two days after the initial up-regulation. Moreover, expression of ScNLE in the ovary
48 HAP showed localïzation in speci tic tissues including the placenta, the vascular
tissues and the endothelial celis of ovules. We further demonstrated that
underexpressing ScNLE lcd to the production of smaller fruits that contained mostly
ahortcd ovules and aborted seeds. While these data clearly indicate a role for ScNLE
during feililization and/or early post-fertilization events, how the gene influences
these processes stili needs to be defined. In flowering plants, seeds and fruits develop
from ovules and ovaries, respectively, in response to double-fertilization of the
embryo sac by the two spermatic celis of a pollen (Goldberg et aÏ., 1989). A period of
intensive celi division characterizes the first stage of fruit development tollowing
fertilization tTanksley, 2004). The endothelium of ovutes, which is a specialized
tissue layer of the integument cÏosest to the embryo sac, appears to perform diverse
tunctions depending on the stage of seed development, from coordinating growth of
the ovule to later feeding and protecting the developing embryo sac and embryo
(Kapil and Tiwari, 197$). Therefore, the transient up-regulation of ScNLE in the
ovary couÏd perhaps participate in a cellular process triggered by fertilization and that
is essential in the initiation of seed and fruit development, such as celi proliferation.
Once the program initiated, high ScNLE activity would be dispensable and down
regulated. Although NLE is likely involved in plant fertilization response, preliminary
screening of AtNLE RNAi unes in Arabiclopsis indicates that development of the
female gametophyte is arrested after megaspore formation, suggesting that
megagametogenesis could also be impaïred in aborted ovules of ScNLE
underexpressing lines (Gray-Mitsumune, M. and Matton, D. P., unpublished
observation).
Similarly to ScNLE, several genes that have been shown to be expressed in the
endothelium of ovules and other tissues of the ovary are also expressed in the shoot
apex (Bowman et al., 1991: Lu et al., 1996; Porat et al., 1998). Although the overail
morphology of the ovanes produced by ScNLE underexpressing unes looked similar
to the WT, it can not be excluded that more subtie defects in ovary formation ansing
from the plant apex (menstem) could contnbute in part to the post-fertilization
phenotypes observed in these lines. Therefore, the specific function of ScNLE in the
ovary in response to feiÏilization would need to be ascertained in transgenic plants
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with ScNLE underexpression driven hy an inducible prornoter system or a tissue
speci ic promoter.
We canied out a 5’ deletion analysis as a first step in trying to delineate the
cis regions regulatïng the specific activity of the ScNLE promoter in the ovary
following fertilization (4$ HAP). This analysis revealed that ScNLE expression
pattern is driven by a mosaic of positive, negative, and tissue specific regulatory
elements acting through different regions of the promoter. Region -400 to -113 was
found to be essential for most of the positive regulation of ScNLE, since its deletion
completely abrogated transcription of uidA reporter gene in every tissues of the ovary
exccpt the placenta, in which expression seemed to be confeired by the -113 to +5$
region. The -400 to -113 regÏon was however unable to confer the tissue-specific
expression pattem of endogenous ScNLE as determined by in situ hybridization.
Instead. region -695 to -400 seemed to contain negative regulatory elements for
rcstricting the activity of the ScNLE promoter in some of the determined tissues
(placenta, funiculus), since its removal leU to a widespread and ctnspecific distribution
ot GUS thtoughout the ovary. A similar active repression conferring celi-specific
expression was shown for the pollen generative ceIl-expressed gene LGC] (Singh et
al., 2003). Despite the analysis of more than I kb of promoter region, the 1171 bp
ScNLE region analyzed did flot completely recapitulate the expression pattem of the
endogenous ScNLE gene as revealed by in sittt hybndization, such as the presence of
transcnpts in the endothelium of ovules and vascular tissues of the placenta, and the
absence of expression in the receptacle outside the vascular tissues. There are several
explanations for such discrepancies. For example. the GUS staining in the receptacle
outside the vascular tissues could have been the resuit of leakage of the GUS enzyme
or of the X-gluc reaction product from the vascular tissues of the receptacle to
surrounding tissues because of strong GUS accumulation. Moreover, the promoter
region analyzed does probably not contain ail the regulatory elements required for
complete and proper ScNLE expression pattem. Aithough numerous examples of
promoter analysis have shown that promoter regions with a size in range of several
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hundreds hp to I kb upstream of the gene reproduce faithful expression pattems of
reporter gcnes in vivo, other studies have shown the requirement of seciuences further
upstream (Lee et al., 2005). downstream of the gene (Larkin et al., 1993), as well as
in introns (Siebuilh and Meyerowitz, 1997).
Regions required for ScNLE promoter responsiveness to fertïlization were
also dctcrmined. RNA gel blot analyses camed otit with both isolated ovules
(containing few placental tissue contamination) and whole ovaries clearly showed
that endogenous ScNLE expression levet is very weak in ovaries at O HAP, in absence
of feililization, but ïs highly increased from 36 to 48 HAP, corresponding to a period
of intense feililization in S. cliacoense. Our ScNLE promoter deletion analyzes
pointed to an initial active repression of SeNLE expression in the ovary in absence of
fertilization, that is confeffed by a regulatory element in the -1171 to -695 region,
since removal of this region led to considerably higher basal GUS expression levels
in ovaries O HAP compared to endogenous ScNLE. Also. SeNLE responsiveness to
fertilization is likely controlled by a positive regulatory element located in the -400 to
-113 region of the promoter, since the presence of this region allowed an increase in
GUS expression levels in ovaiies from O to 48 HAP but its removal abolished such
increase in tertilized ovaries. The expression of GUS diiven hy the determined
regulatory regions fused to a minimal 35S promoter should confirm their respective
roles in the regulation of ScNLE gene expression in the ovary.
We analyzed the ScNLE promoter sequence for regulatory motifs with the aim
of co;Telatrng the identified regulatory regions to transcription factors whose
expression in space and time has been shown by in situ hybridizatïon to overlap, at
least in part, with that of ScNLE. These transcription factors would represent
candidate positive and negative regulators controlling ScNLE promoter activity.
Several regulatory motifs were found. for example, deletion of the putative CAAT
box, a basic promoter element, and of a Dof transcription factor binding site (AAAG
motif) could explain the major loss of ScNLE promoter activity when region -400 to -
5$
[13 was deleted. Since the core Dof recognition motif is short, finding numerous
AAAG motifs distributed along ScNLE promoter is not significant by itself. The
DAG1 Dof transcription factor have however been shown to he expressed in the
vascular tissues of the gynoecium and in the funïcutus after fertilization in
Arcibidopsis (Papi et aI., 2000). Similarly, PRHÀ homeodomain transcription factor.
for which one putative binding site was identified in ScNLE promoter sequence, is
associatcd to developing vascular tissues (Plesch et aÏ., 1997). In addition, we found
four very close matches to the CÀrG box motif, recognized hy MADS domain
transcription factors (Acton et aï., 1997: Huang et ctt., 1993), of which two are located
in the -1171 to -695 region required for most of SeNLE promoter responsiveness to
fertilization. lnterestingly, numerous MADS-box genes of tomato, a close relative of
S. chacoense, were shown to be induced soon after fertilization in a combination of
tissues in the ovary including vascular tissues, placenta. and the endothelium of
ovules (Busi et aÏ., 2003). Most of ail these identified putative binding sites were also
found in the putative NLE promoter of three other plant species. The final
determination of the functions of these putative binding sites will however require
site-directed mutagenesis altering these sequences to be performed.
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DmNLE 72%(92) VRfV_!RC I S 5M P GH AEAV V S UN F GjA HLASGSGDTTVRL WD 147
ScNLEWDO2 TN1QjTiQ G H R N W V L iiiiTi C W 187
AtNLE78%(92) LIYjTETPIrTCIKGHKNWVLTVAWSPDGKHLVSGSKSGE ,c1çwN179
DmNLE 66% (87)
_ tEIJYiT A GtcJKAG] s ij I WD 189
ScNLEWD#3 L Q]K P L G NTPLT H KT iÊPVHLSA ÀWiôKïÏ WD 235
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Figure 2-1. NLE sequence and gene copy number analysis, and overexpression experiment
in Drosophila. (A) Alignment of ScNLE, AtNLE, and DmNLE amino acid sequences. The
NLE domain is indicated with a dashed une. The eight WD motifs that constitute the WDR
domain are numbered on the left with percentage of sequence identity and similarity (in
parenthesis) compared to ScNLE. The conserved dipeptides GH and WD of each WD
motif are boxed. The variable regions I comprise the amino acids preceding the GK ofeach
WD motif. The variable regions II are underlined. Sequence identity is highlighted in dark
gray and similarity in light gray. Dashes indicate gaps introduced to maximize homology.
(B) DNA gel bot analysis ofthe ScNLE gene. Genomic DNA (10 tg) was digested with the
restriction enzymes indicated on top and probed with the complete 1.8 kb 32P-labelled
ScNLE cDNA. Molecular weight markers are indicated in kb on the left. (C) Effects of
overexpression of ScNLE on thoracic bristle formation in Drosophila. SEM images of the
thorax of an ApGal4/+ line (left); a weak overexpressing ScNLE line ApGal4/UAS-$cNLE
(middle); and a strong overexpressing SeNLE une ApGal4/UAS-ScNLE (right).
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figure 2-2. RNA expression analysis of ScNLE transcript levels. Ten microgram of total
RNA from various tissues were probed with a 32P-Iabelled ScNLE cDNA. (A) Ovules at
different time points in days after pollination (DAP). (B) Ovaries (including ovules) at
different time points in hours after pollination (HAP) and comparison between a
compatible (SC) and an incompatible (Si) pollination 48 RAP. (C) Mature plant tissues and
the shoot apex.
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Figure 2-3. In situ localization of ScNLE transcripts. (A) Ovary 4$ RAP, longitudinal
section, ScNLE antisense probe. (B) Ovary 4$ HAP longitudinal section, ScNLE sense
probe. (C, D) Ovules 4$ RAP, SeNLE antisense probe. Magnified view of portions of (A).
Arrows indicate the zygote in (C) and the ftiniculus in (D). (E) Ovules 4$ RAP, ScNLE
sense probe. Magnified view of portions of (B). Arrow indicates the zygote and arrowhead
indicates the ftiniculus. (A, B) Bar= 500 tm. (C, D, E) Bar= 100 p.m.
GUS staining
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Figure 2-4. ScNLE promoter deletion analysis. Left: Schematic representation of the
ScNLE promoter deletion series fused to the tiidA reporter gene. Numbers indicate
nucleotide position: +1 corresponds to the first nucleotide oC the ATG initiation codon, -76
represents the 5’ end of the longest SeNLE cDNA isolated, and numbers on the left of the
schemes refer to the 5’ end nucleotide positions of the prornoter regions cioned. A portion
of the ScNLE coding region corresponding to the first 19 N-terminal amino acids (black
box) have been included in the constructs to create a transiational fusion with the GUS
reporter gene. Middle: Summaiy of GUS expression pattems obtained with corresponding
constructs in ovaries 48 HAP. Relative levels of GUS staining represented by: -, flot
detected; +, low; ++, moderate; +++, high; +/-, coloration observed in one third of the
samples only. Ail other relative levels corresponds to observations made in more than hatf
of the unes tested. Right: RNA gel blot analysis of regulatory regions required for the
increase in ScNLE expression induced by fertilization using the GUS reporter gene.
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Figure 2-5. GUS expression pattems in ovary and other floral organs 48 RAP conferred by
5’ deletions of the ScALE promoter. (A) PNLE- 1171, ovary 48 HAP longitudinal section.
(B, C) PNLE-1171, magnified view of a portion of (A) showing GUS expression in the
funiculus (arrowhead) and outermost ceil layer of the placenta (arrow). Bar 200 tm. (C)
Identical to (B) without safranin coloration. (D) PNLE-1171, whole-mount image of a
lightly stained receptacle. Bar = 500 11m. (E) PNLE-1 171, whole-mount image of anthers
and petals. Bar = 2 mm. (F) PNLE-695, ovary 48 RAP, longitudinal section. (G) PNLE
400, ovary 4$ HAP longitudinal section. (H) PNLE-113, ovary 4$ HAP longitudinal
section. (A, F, G, R) Longitudinal sections of ovaries were counter-stained with safranin
(red coloration). Bar = 500 jim. (A, G) Asterisks indicate blue coloration on top of the
carpel wall at the style junction observed only in a small subset of samples.
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Figure 2-6. Putative cis-regulatory regions and elements in the NLE promoter. (A)
Summary of the regulatory regions for ScNLE gene expression in the ovary 48 KAP as
determined by promoter deletion analysis. (B) Relative location of putative cis-regulatory
elements in Solanum chacoense NLE prornoter linked to the regulatory regions reported in
(A) and also found in NLE promoters of Arabidopsis thaliana, PopuÏtis trichocaipa and
Oiyza sativa (varjaponica).
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figure 2-7. Phenotypic analysis of ScNLE underexpressing unes. (A) 10 week-oid WT
(left), asNLE3 (middle), and asNLE5 (right) unes. Bar = 5 cm. (B) RT-PCR analysis of
SeNLE mRNA expression leveis in WT and ScNLE antisense (as) and doubie-stranded
RNA (j) unes (top). ACTIN served as an internai control (middle). Relative quantification
of SeNLE expression leveis (bottom). (C, D) Longitudinal sections of representative
flowers before anthesis from (C) WT and (D) asNLE5 unes. Bar = 500 m. (E) Fruit
growth. Fruit volumes of WT, asNLE3 and asNLE5 underexpressing unes were measured
8, 5, 18, and 36 days after pollinisation (n=l0). (F, G) Seeds isolated from fruits of(F) WT
and (G) asNLE5 lines. Stars indicate small aborted ovules, arrowheads indicate flat aborted
seeds, arrows indicate mature seeds. Bar = 4 mm.
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3.1. ABSTRACT
WD-repeat proteins are involved in a breadth of ceilular processes. While the
WD-rcpeat protein encoding gene NOTCHLESS bas been involved in the regulation
of the Notch signaling pathway in DrosophiÏa. its yeast homolog Rsa4p was shown to
participate in 605 ribosomaï subunit biogenesis. The plant homolog ScNLE was
previously characterized in Solanuni cÏ?acoense (ScNLE) as heing involved in seed
development. However, expression data and reduced size of ScNLE underexpressing
plants suggested in addition a role during shoot deveÏopment. We here report the
detailed phenotypic characterization of ScNLE ctnderexpressing plants during shoot
development. ScNLE was shown to be expressed in actively dividing ceils of the
shoot apex. Consistent with this, ScNLE underexpression caused pleiotropic defects
such as a reduction in aehal organ size, a reduction in some organ numbers, delayed
flowering, and an increase in stomatai index. Analysis of adaxial epidermal celis
revealed that both ccli number and ceil size were reduced in mature leaves of ScNLE
underexpressing unes. Two-hybrid sereens with the Nie domain and the WD-repeat
domain of ScNLE aÏtowed the isolation of homologs of yeast MIDÀSIN and NSA2
genes, the products of which are involved in 60S ribosomal subunit hiogenesis in
yeast. A ScNLE-GFP chimeric protein was localized in both the cytoplasm and
nucleus. These data altogether suggest that ScNLE likely plays a role in 60S
ribosomal subunit biogenesis, which is essential for proper cellular growth and
proliferation during plant development.
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3.2. INTRODUCTION
In animais, aduit organs are initiated during embryogenesis while in plants,
new OrganS ate continuousÏy generated post-embryonically through meristematic ceil
sources. Thc shoot apical meristem (SAM) is pivotai for shoot deveiopment as it
maintains a population of undifferentiated celis while aiso contrihuting the ceiis
required Cor laterai organ primordia and stem formation throughout plant
deveiopment (Esau 1977). CelIs initialiy recruted to organ primordia retain their
mer istematic competence but only for a Iimited period of time. Subsequent graduai
loss oC ccli meristematic competence dunng organ maturation is combined with ceil
growth/expansion and differentiation. The final size of a plant organ therefore reflects
both ccli number and ccli size composition (Mizukami 2001).
Ccii growth and ccli division require the expression of a large number of
genes involved in basic cellular functions. Members of the WD-repeat (WDR) pfotein
superfamily, found almost exclusively in eukaryotes, have been involved in ceilular
processes as diverse as cytoskeletal dynamics, vesicular traffiking, nuclear export.
RNA processing, chromatin modification, signal transduction, and ribosome
bïogenesis, to name a few exampies (Neer et al. 1994;van Nocker and Ludwig 2003).
Aithough functionally diversified, WDR proteins are structurally related by sharing
the WD-repeat as a common sequence motif, which is repeated from four to eight
times within a protein (Smith et al. 1999). They are thought to fold altogether into a
propelier-like structure that would serve as a stable platform to coordinate the specific
interaction of multiple protein partners in simultaneous andlor in a successive manner
(Smith et al. 1999), a feature that could ailow WDR proteins to integrate moiecular
mechanisms and pathways.
In Arabidopsis, 237 WRD proteins were grouped into 143 distinct famiiies,
the majority of which are evolutionary conserved in animais, plants and yeast,
suggesting that many of them are components of basic celiular mechanisms (van
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Nocker and Ludwig 2003). Only few of these members have heen characterized to
date for their function dtiring plant growth and deveiopment. One intriguing WDR
member is the homolog of the Drosephitu metanogaster NLE (DmNLE) gene.
DmNLE was first charactebzed as a modifier of the transmembrane Notch receptor
activity in Drosophita (Royet et al. 199$). The DmNLE protein vas shown to interact
directly with the cytoplasmic domain of Notch, but the mechanism by which it
regulates the activity of the receptor remains unclear. In animais, numerous cet! fate
decisions and developmental processes rely on cellular signaling through the Notch
pathway (Kimble and Simpson 1997). In plants and yeast however, a Notch-type
receptor and other components associated to the signaling pathway appear to be
absent (Wigge and Weigel 2001). The yeast iVLE hornolog gene product, also known
as Rsa4p and YCRO72p, was later found as a trans-acting factor associated to pre-60S
ribosomal particles throughout their maturation, from the nucleolus to the cytoplasm
(Bassier et ai. 2001;Gavin et ai. 2002,Nissan et al. 2002). Yeast NLE/Rsa4p was
shown to be required for proper rRNÀ processing and intra-nuclear transport of pre
60S ribosomal particles (de la Cruz et ai. 2005). Most of the trans-acting factors
invoived in ribosome biogenesis have heen characterized in Saccharomyces
cerevisiae but the conservation of almost ail these factors in higher eukaryotes
suggest that hbosome biogenesis process is conserved in plants, animais, and fungi
(Tschochner and Hurt 2003). However, reports on the rote of genes encoding trans
acting factors involved in ribosome maturation during plant development are scarce.
A plant NLE homolog was previously isotated in a subtractive screen as a
gene that is transiently up-regulated by fertilization in the ovanes of SoÏanum
chctcoense, a wild potato species, and was characterized for its fcrnction in post
fertilization processes (Chantha et al. 2006). ScNLE vas shown to be expressed in
diverse tissues of the ovary after fertilization, including the endothelium of ovules,
placenta, and vascular tissues. Underexpressing ScNLE in transgenic plants led to the
production of smaller fruits containing high proportions of aborted ovLlles and seeds.
However, this also led to the production of smaller plants, suggesting an involvement
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of ScNLE during shoot development as welI. We herein report a detailed
characterization of the defects associated to shoot deveÏopment and aerial organ
formation in SVLE underexpressing unes. We propose that these developmental
defects originate from the requirement of ScNLE for proper celi growth and ccli
proliferation, and an implication in a basic celtular process. Resuïts from our two
hyhrid screens also provide further scipport to the participation of the iVLE gene in
ribosorne hiogenesis in plants.
3.3. MATERIAL AND METIIODS
3.3.1. Plant material and growth conditions
The diploid (2n=2x=24) SoÏanttni chacoense Bitt. (Potato Introduction
Station, Sturgeon Bay, WI) self-incompatible genotypes were hue G4 (512 and S14
sclf-incompatibility alleles) as female progenitor and une V22 (511 and 513 alleles) as
pollen donor. Plants were maintained by in vitro propagation on ½X MS medïum
with charcoal (0.5X MS saits, iX MS vitamins, 20% sucrose, 0.5% deactîvated
charcoal. 0.6% agar. pH 5.8) at 20-22°C with a photoperioci of 16 h light and 8 h
dark. Plants from I to 2 months old were transferred to sou and were grown either in
a greenhouse with an average of 14 h of lightlday for flower analyses or in a growth
chamber at 20-22 °C with a photoperiod of 16 h light and 8 h darkness for
comparative examination of vegetative growth parameters.
3.3.2. bi sittt hybridization and GUS analysis
For in situ hybridization, tissue samples were fixed, dehydrated and embedded
in paraffin as descnbed previously (Lantin et aI. 1999). In situ detection of ScNLE on
10 tm thick sections was performed as described previously (Lantin et aI. 1999).
Sense and antisense digoxigenin-11-UTP (Roche Diagnostics, Lavai, QC) labeted
riboprobes were synthesized from the ScNLE cDNA cloned in the pBK-CMV vector
using T3 and T7 RNA polymerases (RNA transcription kit. Stratagene, LaJolla, CA)
after linearisation of the plasmid with XhoI or EcoRI, respectively. For GUS analysis,
details on ScNLE promoter cloning and GUS staining are provided in Chantha et al.
(2006).
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3.3.3. Microscopy
Plant material embedded in paraffin was prepared for sectioning as descbbed
for in situ hybridization. For leaf ceil morphology analysis, sections were rehydrated
and stained with safranine ovemight. thoroughly washed in water and then stained
with Astra hlue for 20 min. After two washes in water, sections were dehydrated.
Methods for ScNLE promoter-GUS tusion construct and GUS staining are detailed in
(Chantha et al. 2006). Tissue sections 10 tm thick were mounted in Permount.
Adaxial epidermal ceils were analyzed from nail polish peels. Nail polish was applied
on the central region of terminal leaves surface and, once dried, peeled by using
adhesive tape. Peels were sticked on microscope siides. Images were acquired with a
digital camera installed on a Leitz light microscope.
3.3.4. ScNLE constructs for underexpression
For gene suppression using the antisense strategy, a -.-1500 bp fragment of
ScNLE cDNA was cloned in the antisense orientation in the pBLN35S double
enhancer vector using the Hindili restriction sites (Bussiere et aI. 2003). For gene
suppression using the double-stranded RNA interference strategy, a -650 bp fragment
of ScNLE cDNA was cloned in the sense and antisense orientations in the pDarth
vector (OBrien et al. 2002) from PCR products obtained with the NLEI4 (5’-
GAGAGGATCCAAACCACGCAGGGGAAGCTA-3’) and NLEI8 (5’-
GAGAGGCGCGGTACCCTATCCCATCCATAGCTTCAG) primers containing the
BamHI and XhoI restriction sites respectively, and with the NLEI9 (5’-
GAGACTCGAGAAACCACGCAGGGGAAGCTA-3’) and NLE22 (5’-
GAGAGGCGCGCCCTATCCCATCCATAGCTTCAG-3’) primers containing the
XhoI and AscI restriction sites respectively. Plant transformation with Agrobacteritun
tuinefrtciens strain LBA4404 was carrïed out as descnbed previously (Matton et al.
1997).
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3.3.5. Two-Hybrïd cDNA tibraries synthesis
Isolation of total RNA and poiy(A)+ mRNA were perforrned as descrihed
previously (Lantin et al. 1999). An AD-cDNA taiget library was synthetized from 5
ig o poly(A) rnRNA isolated from ovarics collected 18 to 72 HAP in the pAD
GAL4-2.1 phagemid vector by using the HybriZap®-2.1 XR library construction kit
(Stratagene). according to the manufacturer’s instructions. The activation domain
tagged primary cDNA iihrary contained 16x106 independent clones. A MYR-cDNA
target library was synthetized trom 5 tg of polytA)+ mRNA isolated from
depericarped ovanes coilected 2 to 6 DAP in the pMyr XR vector using the
CytoTrap® XR Library construction kit (Stratagene), according to the manufacturer’ s
instructions.
3.3.6. SciVLE constructs for two-hybrid screens
for ail the two-hybrid constructs. sequences were amplified from ScNLE
cDNA using PWO DNA Polymerase (Roche Diagnostics). Ail constructs were
sequenced to confirm that fusions were in-frame and unmutated.
The vector pBD GAL4 Cam (Stratagene) was used to construct C-terminal
fusions of three ScNLE regions with the Binding Domain of GAL4 and generate the
following bait proteins: BD-dNLE (Nie domain), BD-dWD (WDR domain) and BD
ScNLE (compiete ScNLE protein). Primers used for PCR amplification were tagged
with EcoRI and SalI restriction site sequences in the forward and reverse primers
respectively. The Nie domain (aa 2 to 115) was amplified with the NLE4 (5’-
CGGAATTCGAAGTGGAAGTGGAAGCT-3’) and NLE6 (5’-
CGTAGTCGACCAGCAATTGTGGCCGAA-3’) pnmers. The WDR domain (aa
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101 to 482) was arnplified with the NLE23 (5’- GAGAGAATTC
TTTCGAATCCGCCCTGTCAC-3’) and NLE8 (5’-
CATGTCGACCTATCCCATCCATÀGCTTCAG-3’) primers. The full ScNLE
coding region. exciuding the initiation codon, was amplified with the NLE4 and
NLE8 primers. PCR products were digested with and ligated to the EcoRI and SalI
sites oC pBD GAL4 Cam.
The vector pSos (Stratagene) was used to construct C-terminal fusions of the
three same ScNLE regions (mentioned above) with Sos to generate the following bait
proteins: Sos-dNLE, Sos-dWD and Sos-ScNLE. The piimers used for PCR
amplification werc tagged with the BamHI and SalI restriction site sequences in the
forward and reverse primers respectively. The Nie domain was amplified with the
NLEI 1 (5’-CGGGATCCGAAGTGGAAGTGGAAGCT-3’) and NLE6 pnmers. The
WDR domain (nt 402 to stop codon: aa 110 to 482) was amplified with the NLEY2
(5’- GAGAGGATCCGTTCGGCCACAATTGCTGGT-3’) and NLE8 primers. The
full ScNLE ORf was amplified with the NLEÏ 1 and NLE8 pnmers. PCR products
wcre digested with and Iigated to the BamHI and SalI sites of pSos.
3.3.7. Ttvo-Hybrid screening
GAL4 system: Bait plasmids were separately transformed into yeast strain
PJ69-4A (kindly provided hy Phillip James, University of Wisconsin Medical School,
Madison, WI, USA) (James et al. 1996). Yeast strains carrying BD fusion plasmids
were transformed with the pAD-GAL4-2.1 library according to a modified version of
the high efficiency lithium acetate method of (Agatep et ai. 1998). Transformed cells
were plated on synthetic complete (SC) medium -Leu -Trp -His supplemented with 1
mM 3-amino-1’,2’,4’-triazole (3AT) and incubated at 30°C for 14 days. Colonies
were replica-plated on SC medium —Leu -Trp -Ade and incubated at 30°C for an
additional 14 days. Autoactivating target plasmids were etiminated by segregation
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analysis and piasmid DNA vas extracted from positive colonies (Parchaliuk et al.
1999). Yeast plasmid DNA was transformed into electrocompetent XLI-hlue MRF’
(Stratagene) and celîs with pAD target plasmid were selected on LB agar plates
containing 100 tig!mI ampicillin. Positive target plasmids were separately
transformed hack into PJ69-4A harboring the pBD-GAL4 Cam, pBD-UNLE, pBD
dWD, or pBD-ScNLE pÏasmid for reconstruction of two-hybrid positives. A rapid
LiAc transFormation protocol was used for yeast transformation with bait and positive
targct plasmids (Gictz and Woods 2002).
Sos Recruitment system: Bait plasmids were cotransformed with pMyr target
iibrary in the temperature-sensitive yeast strain cdc25H according to the Cytolrap
instruction manual (Stratagene). Transformed celis were plated on SC/glucose
medium -Ura -Leu and incubated at 25°C for two days. Colonies were replica-plated
on SC mediumlgalactose -Ura -Leu and incubated at 37°C for ten days. Positive
colonies were selected and positive interaction clones were confirmed as specïfied in
the Cytolrap instruction manuai. The cDNA inserts isolated from positive colonies
were sequenced.
3.3.8. Isolation and gel blot analysis of RNA
Isolation of total RNA as well as gel biot analyses were performed as
described previously (Lagace et al. 2003;Lantin et al. 1999). 10 tg of total RNA for
each tissue samples were separated on gel. Probes were derived from partial ScMDN]
cDNA labelled with Œ-[32PJ-dATP (ICN Biochemicals, Irvine, CA) using the High
Prime DNA Labeling kit (Roche Diagnostics, Lavai, QC’). A 32P-labelled 18S probe
was used as a control. Membranes were exposed at —85°C with intensifying screens
on Kodak Biomax MR film (Interscience, Markham, ON).
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3.3.9. Protoplast transformation and GFP visualizatïon
ScNLE-eGFP was expressed as a transtational fusion under the control of the
CaMV 35S promoter. Protoplasts were derived from Nicotirnia tabacttn; leaf
mesophyll ceils as described previously (Koop et al. (996). Protoplasts were
transformed with 40 jig of plasmid with a Ceil PORATOR apparatus (Gibco BRL,
Bcirlington, ON) with voltage adjusted to 225 V and the capacitor to 1000 tF. Live
protoplasts were observed on microscope slides 24 h after incubation in culture
medium. Images were acquired using a Leica TCS SPI laser scanning confocal
microscope. An argon laser emitting at 4$$nm was used as the light source. GFP
fluorescence and chlorophyli autofluorescence were detected in separate channels at
500-530 nm and 670-700 nm, respectively. The laser intensity was limited in order to
minimize photobleaching. Under these conditions, no GFP fluorescence was detected
in control untransformed protoplasts. For display, GFP and chlorophyll images were
pseudo-colored in green and red respectively and overlaid using the Leica Confocal
Software f LCS). The corresponding Nomarski images were acquired simultaneously.
3.3.10. DNA sequencing and analysis
Approximately 200 ng (5 pi) of plasmid DNA and 15 tl of reaction mixture
containÏng 8.5 tI of water, 3.5 t1 5X sequencing buffer, 2 tl primer at 0.8 tM, and 1
tl Big Dye Terminator Ready Reaction Mix (PE Applied Biosystems) was used for
the sequencing reaction. Sequencing reactions were preformed on a GeneAmp PCR
System 9700 (PE Apptied Biosystems), and the cycling conditions were: 96 °C, 10
sec; 50 °C, 5 sec, 60 °C, 4 min for 25 cycles. DMA sequencing was performed on an
Applied Biosystem ABI 310 or 3100 automated sequencer. Sequence alignments
were performed with the ClustalW module of the MacVector 7.2.3 software
(Acceirys). Database searches were conducted with the BLAST program at The
Arabidopsis Information Resource (www.arabidopsis.org) and at the National Center
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for Botechnology Information (www.nchi.nIm.nih.ov). Cellular localizations were
predicted cising PSORT (psortnibb.ac.jp) and SignalP
(www.chs.dtu.dk/services/Si%nalP).
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3.4. RESULTS
3.4.1. ScNLE ïs expressed in actively dividing celis of the apex
5’cIVLE has previously heen shown by RNA gel blot analysis to be expressed
in the shoot apex (Chantha et al. 2006). hi situ hybridization was performed to define
more precisely its expression pattem. In shoot apex sections, ScNLE localization was
associated to actively dividing ceils (Fig. 3-I). ScNLE transciipts were detected in the
shoot apical and axillary meristems (Fig. 3-lA), in inflorescence rnehstems (Fig. 3-
lB), in growing zones of young developing leaves, in floral organ pdmordia, as well
as in the procambium (Fig. 3-lA. B). Analysis of plants transformed with a
transiational fusion of an about 1100 bp ScNLE promoter fragment to GUS revealed
identical staining pattems in the shoot apex in addition to expression in the veins of
young leaves (Fig. 3-1D). Such expression pattem suggests that ScNLE plays a role in
actively dividing ceits during shoot development and aerial organ formation.
3.4.2. Reducing ScNLE expression Jevels in S. chacoense caused a pleiotropic
phenotype
b investigate the fonction of ScNLE during shoot development, we analyzed
the phenotypes of four transgenic unes underexpressing ScNLE that were generated
previously with antisense or doubte-stranded RNA constructs (Chantha et al. 2006).
These unes, namely asNLE3, asNLE5, iNLE5, and iNLE6, shared similar pleiotropic
phenotypes although with different degrees of severity, with asNLE5 and iNLE6
showing overali the strongest developmental defects.
ScNLE underexpression lead to a considerabte aiay of deveÏopmental
alterations. The most striking effect was an overali reduction in plant size (see Fig. 2-
8$
7A in Chantha et al., 2006) that was reflected hy a reduction in the size of ail the
aenal organs examined. Height of SctVLE underexpressing plants, represented by
stem tength, was constantly lower than the WT (Fig. 3-2A) and stem width was
colTespondlngiy smaller (fig. 3-2D). Moreover ScNLE underexpressing plants
produced smaller leaves, with both reduced blade width and length (Fig. 3-2C).
Measurement of total leaf surface area produced by 9 week-old plants revealed that
this reduction represented -12% in iNLE5 to --85% in asNLE3 (248 ± 11.5 to 41.9 ±
19.4 cm2, n=10 and 6, respectively) ofthe WT value (281 ± 21.3 cm2, n=10). Yocing
asNLE3 plants were chlorotic and had an etiolated phenotype that could explain the
discrepancy between severe reduction in leaf size (Fig. 3-2C) and miid phenotype on
plant height (Fig. 3-2A). However asNLE3 plants recovered from this chlorosis
defect in later development stages but stiil maintained the reduced size and other
phenotypes discussed below. The significant reduction in total leaf surface area (t-
test, p <0.001) was flot caused by lower numbers of leaves produced per plant since
the rates of leaf production were similar or even higher in ScNLE underexpressing
plants compared to the WT throughout plant development (Fig. 3-2B). Reduction in
size was aiso observed for flower organs (Fig. 3-2E). These observations altogether
show that ScNLE underexpression caused an overail reduction in aerial organ size.
Reducing ScNLE expression also reduced the number of some organs formed.
For example, ScNLE underexpressing plants produced compound leaves with fewer
leaflets than WT leaves at equivalent positions (Fig. 3-2C). Moreover, their stems did
not produce the ndges normaily formed along the mature WT stem that are
apparently associated to larger vascular bundies in S. cÏzacoense (Fig. 3-2D). In
ScNLE underexpressing unes, the size of the vascular bundies seemed to be
insufficient to trigger the formation of such ndges. flowers of ScNLE
underexpressing lines also showed a variety of organ defects. In the case of the strong
iNLE6 line, fiower buds were formed but aiways dropped at very early stages of their
formation. The asNLE5 une, and at a lesser extend the iNLE5 line, produced flowers
with four sepais and petals in high proportions while most WT flowers produce five
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sepals and five petals (Fig. 3-2E). Petal fusion was also affected, heing completely
unfuscd in asNLE5 and iNLE5 flowers while WT petals were partially fused at their
base (Fig. 3-2E). ScNLE undercxpressing unes also showed reduced fertiÏity. Pollen
grains that are normally easy to collect from WT mature dehisced anthers hy simple
mechanical stimulation, could flot be obtained from asNLE5 and ïNLE5 anthers.
Transition to flowering was also considerably delayed from several days or weeks
depending on the ScNLE cinderexpressing line.
This plciotropic shoot phenotype in addition to the expression of ScNLE in the
shoot apical meristem (SAM) suggested that possible defects in the SAM could have
resulted from ScNLE underexpression. We therefore analyzed the morphology of the
SAM through longitudinal sections of the shoot apex. SAMs of ScNLE
underexpressing lines showed a tvpical layered organization although their celi layers
were less uniform than in the WT (Fig. 3-2F). Moreover, SAMs from
underexpressing lïnes were somewhat less protuberant than the WT dome-shaped
SAM and therefore seemed smaller (Fig. 3-2F). This reduction in SAM size may be
attributable to a reduced number of meristematic celis since ceil size was unafiected
(data not shown). AIl ScNLE underexpressing plants continuously produced lateral
organs during shoot development, suggesting that meristem maintenance is however
not impaired.
3.4.3. ScNLE underexpression leads to alterations in celi size and in ceil number
A change in organ size can reflect an aheration in celi size, in celi number, or
both. To assess the contributions of celi size and cell number in the production of
smaller leaves in ScNLE underexpressing lines, adaxial pavement cells of mature leaf
blade were analyzed. Comparison with the WT revealed that asNLE3, asNLE5, and
iNLE6 lines produced smaller ceils (Fig. 3-3A, B). Surphsingly, the iNLE5 milder
underexpressing une produced slightÏy larger ceils (Fig. 3-3A, B). CelI area
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measurement showed a significant decrease (t-test, p <0.001) from —70% to —45% in
the asNLE3 and iNLE6 unes (1380 ± 544.6 and 2455 ± 504.1 m2. n=120 and 150.
respectively) compared to the WT (4316 ± 863.4 n=150) (Fig. 3-3B). Average
ce!! size in iNLE5 une was slightty but significantly larger (4939 ± 940. n=150. t-test,
p <0.001) than the WT (Fig. 3-3B). Similar resuits were also ohtained with pïth ceils
measured in transversal sections of stems (data flot shown). Measurement of adaxial
pavement ccli area of very young leaves indicated that celis originaiiy produced hy
ScNLE underexpressing unes and the WT were not sïgnificantiy dïfferent in size (3-
33). Since celis originaliy contributed by the SAM are of similar size, as mentioned
above, defects in ccl! sïze in ScNLE underexpressing leaves occured later during their
maturation.
Somc observations stemming from our analyses suggested that the reduction
in leaf size in ScNLE underexpressing unes were flot soieiy caused by a reduction in
ccli size. iNLE5 epidermal ceils were siightly bigger (Fig. 3-3B) but their leaves were
significantiy smaiier than the WT (Fig. 3-2C). Moreover. reductions in epidermal ccli
size in the other ScNLE underexpressing unes were not as severe as the reduction in
their leaf size. We therefore suspected that ccii number couid also be affected in
transgenic unes underexpressing ScNLE. Calculations with the terminal leaflet
surface area and the average ccli area of mature leaves showed that the average
number of adaxial pavement ceils was significantiy reduced (t-test, p<O.0001) by
about 35% in ail ScNLE underexpressing unes compared to the WT (Fig. 3-3C).
Therefore, reduction in ccli number contributed to reduced organ size in ail ScNLE
underexpressing tines whereas reduction in ccli size contributed only in unes
expressing a more severe phenotype. Since surface areas of young leaves in ScNLE
underexpressing unes were smaiier than in the WT (Fig. 3-2C) whiie ccii sizes were
similar at that stage (Fig. 3-3B), reduced ccii number is suggested to originate early
during ieaf formation, before defects in ccli size could be detected.
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3.4.4. ScNLE underexpression increased stomatai index
While analyzing the adaxial surface o mature Ïeaves for celi size and ceil
number determination, we were struck by the high density of stomata found in ScNLE
underexpressing unes (fig. 3-4A, B). Stomatal density, which represents the number
of stomata per surface unit, on the adaxiai epidermis of mature leaves from ail the
ScNLE underexpressing unes vas significantly higher than the WT, with unes
asNLE3, asNLE5, and iNLE6 showing more than a fourfold increase (Table 3-I).
Because stomatal density does flot take into account the differences in the size of
pavement ceils, stomatal index [si = nb of stomatal(nb of pavement celis + nb of
stomata)* 1001 was also determined. Stomatal index was significantly higher in ail
ScNLE underexpressing unes, being almost up to three-foid higher in iNLE6 adaxial
epidermis comparedto the WT (Table 3-I). Therefore. the ratio of pavement ceits per
stornata (ratio PIS) was decreased in ScNLE underexpressing unes (Table 3-1). To see
whether this increase in stomatai index also applied to other organs, we analyzed
stomata production on the stem. Stomatal index was aiso significantly higher on the
stem of ScNLE underexpressing plants but at a lesser extent than on the leaf (Table 3-
1). These resuits confirmed that underexpressing ScNLE increased the ratio of
stomata produced.
To examine whether the structure of internat leaf tissues was affected,
transverse sections of mature leaves were analyzed hy light microscopy. Leaves
typically contain a sing]e layer of elongated parenchyma celis underlying the adaxial
epidermis and several layers of spongy parenchyma, composed of ceils and air spaces
(Fig. 3-4C). AIl these celi layers were present in ScNLE underexpressing leaves,
although spongy parenchyma celis in asNLE3, asNLE5, and iNLE6 (Fig. 3-4D) were
less densely packed compared to the WT, possibly as a consequence of the
production of considerably more stomata.
3.4.5. Yeast two-hybrid screens identïfied MDN1 as a binding partner of ScNLE
In order to better determine in which cellular process the ScNLE protein could
be involved during plant development, yeast two-hybrid screens were performed to
identify ScNLE interacting partners. The Nie domain (dNLE) and the WDR domain
(dWD) of ScNLE, both predictcd to be involved in protein-protein interactions, were
separately used as haits (fig. 3-SA). Both the nuclear GAL4 system and the
cytoplasmic Sos Recruitment tSR) system were used as complementary two-hybrid
screening approaches. In the GAL4 system, an AD-cDNA target library of ovaries
collected 18 to 72 KAP was screened with the BD-dNLE and BD-dWD hait
constructs in the yeast strain P169-4A. In the SR system. a MYR-cDNA target library
of ovaries collected 2 to 6 DAP was screened with the Sos-dNLE and Sos-dWD bait
constructs in the yeast strain cdc25H. Severai candidates were identified of which a
homolog of the yeast MIDASIN gene (MDN], also known as YLRIO6c and REAI)
was predominantly retrieved with the Nie domain in both two-hybrid systems. Six out
of eleven (6/11) and thirteen out of fifteen (13/15) positive clones representing
ScMDN] were isolated from screens carried with BD-dNLE (Fig. 3-5B) and Sos
dNLE respectively. Interestingly, when the AD-cDNA library was further screened
with full-iength ScNLE fused to BD. three out of the five positive clones also
represented ScMDN] (Fig. 3-5B). However the WDR domain of ScNLE alone did
not interact with ScMDNI when cotransformed in yeast (Fig. 3-5B). These resuits
suggest that ScNLE interacted with ScMDN1 through its Nie domain.
MDNI represents the largest ORF found in the the yeast genome. with a
predicted sequence of 4910 aa and molecular mass of 560 kDa (Garbarino and
Gibbons 2002) and was shown to be a trans-acting Cactor involved in 60S ribosomai
suhunit maturation (Galani et ai. 2004;Nissan et al. 2004). AIl the ScMDNJ clones
isolated were therefore only partial cDNAs representing the C-terminal portion of the
protein (Fig. 3-5C). The Iength of the clones vaned from 1 427 bp to 2 784 bp. The
longest cDNA sequence coded for a 816 aa ORF that spanned almost completely the
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D/E-rich domain and the whole MDAS domain (M-domain) of MDNI (Fig. 3-5C).
The shortest cDNA encoded a 364 aa ORF that included only a small C-terminal
portion of the D/E-rich domain and the whole M-domain (Fig. 3-5C). Because ail the
cloncs comprised the MIDAS domain but flot aiways the D/E-rich domain, the
MIDAS domain is hkely to be the one involved in ScVDN 1 interaction with ScNLE.
In addition, a hornolog of the yeast NSA2 (also known as YERI26p) was
identified in three out of six (3/6) positive clones in a screen camed with the WDR
domain fused to Sos (Sos-dWR) using the SR system. Interestingly, NSA2 was also
isolated as a trans-acting factor associated to pre-60S ribosomal particles in yeast
(Nissan et aI. 2002).
3.4.6. ScMDNJ expression pattern in plant organs
We next performed RNA gel blot analyses to determine ScMDN] expression
pattcrn within the plant. We first examined ScMDN] expression in various plant
organs. Signal was detected in stems, leaves, and shoot apices (including the shoot
apical meristem and organ primordia) but flot in tubers, foots, petals, anthers and
pollen grains (Fig. 3-6A). Because the expression of ScNLE was previously shown to
be induced by fertilization in ovules and ovaries (Chantha et aI. 2006), we also
anatyzed ScMDNJ expression pattem in these organs in time-course studies following
pollination. Figure 6B shows a broad time-course analysis using isolated ovules.
Signal was detected in ovules from tinpollinated Rowers and 2 days after pollination
(DAP) but was very weak or undetectable by four DAP onwards. A more detailed
time-course analysis was canied out with pollinated ovaries (Figure 6C). ScMDNJ
expression was weaker from 12 to 30 hours after pollination (HAP), increased at 42
and 4$ HAP, and then decreased to basal levels at 72 HAP. In some Solanaceous
species, including S. chacoense (Clarke 1940;Williams 1955), and our unpublished
resuits), the period comprised between 36 to 42 HAP corresponds to the intense
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basipetal fertilization of the multiple ovules present in the ovary and to initiation of
seed development.
3.4.7. A NLE-GFP fusion protein is Iocalized in the cytoplasm and nucleus
Analysis of the ScNLE protein sequence using varioits prediction tools did not
identify any intracellular targeting sequences (e.g. NLS. transit sequence, signal
sequence) and therefore predicted a cytoplasrnïc localization. In order to find out
experimentally the cellular localization of ScNLE piotein, we expressed a ScNLE
GFP fusion protein driven by the constitutive CaMV 35S promoter in tobacco
protoplasts. Surprisingly, the ScNLE-GFP fusion product was flot restncted to the
cytoplasm but was also found in the nucleus (Fig. 3-7). Cytoplasmic localization can
be seen as a thin ring appressed to the plasma membrane due to the presence of a
large vacuole. We therefore consideted that ScNLE is distrihuted in both the
cytoplasm and the nucieus.
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3.5. DISCUSSION
The ScNLE gene was originatly isolated in a subtractive screen as a gene that
is transiently up-regcilated in the ovary by tertilization and was previousiy
characterized for its functïon during post-feiÏilization events in Sotanuni chctcoense
(Chantha et ai. 2006). Localization of the gene in the shoot apex as well as reduction
in plant size associated with ScNLE underexpression however suggested that ScNLE
is also involved in shoot development, which was the focus of the present study.
Atso, wc provide some evidence that the ScNLE gene product, as his yeast homolog,
is involved in 60S ribosomal subunit maturation in plants.
Detaiied expression studies and phenotypic analysis of underexpressing plants
rcvealed here that ScNLE functions in a process that affects ceil proliferation and celi
enlargement during shoot deveiopment. ScNLE t’vas shown to be expressed in actively
dividing structures of the shoot apex, such as the shoot and floral meristems, oran
primordia, and the procambium (Fig. 3-1). Morever, underexpressing ScNLE led to
pieiotropic defects during shoot development, the most prominent ones being an
overali reduction in plant aeriai organ size and a reduction in some organ numbers
(Fig. 3-2). The final size of a plant organ is determined by ccli number (ceil
proliferation) and ceil size (ce!! enlargement) composition (Mizukami 2001).
Anal ysis of adaxial leaf epidermal pavement celis revealed that aerial organ defects in
ScNLE underexpressing plants are the consequence primaiily of reduced ceil number
and also of reduced celi size. Reduction in ccli number originated very early dunng
leaf formation, possibly at the stage of ceil recruitement from the shoot apical
menstem (SAM) to primordium anlagen. since ScNLE underexpressing plants
produced smaller SAMs that contained normal-sized celis (Fig. 3-2F and data flot
shown). Also, reduction in ccl] niimber was detected very early during development
of ScNLE underexpressing leaves, at a stage when sizes of adaxiai pavement celis
were stili indistinguishable from the WT (Fig. 3-3B). While a reduction in ccli
number was common to ail ScNLE underexpressing lines, changes in ceil size were
96
flot as simply coneiated: the Iess defective iNLE5 une prodticed larger than normal
ceils whereas ail the other cinderexpi-essing unes produced smaller than normal celis.
In plants, final organ size would be cleterniined at the whoie organ level through a
total organ-size checkpoint that coordinates celi proliferation with ceil enlargement to
ensure that organs reach a determined size tTsukaya 2002). There are several
examples of plant celi cycle progression mutants in which a reduction in celi number
in an organ is compensated by an increase in ccli size. simiiarly 10 what was observed
in the iNLE5 underexpressing une (Autran et al. 2002;De Veylder et al.
200 1;Hemerly et al. f 995;Mizukami and Fischer 2000;Uiiah et ai. 2001;Wang et al.
2000). The lack of compensatory ccii enlargement in the more severely affected
ScNLE cinderexpressing unes therefore suggests that ScNLE is flot merely involved in
the tegulation of ccli cycle progression but is also required for proper cdl
enlargement. As discussed below. an implication of ScNLE in a basic cellular process
such as ribosome biogenesis could give an explanation to the phenotypic
consequences of underexpressing ScNLE.
Another phenotype associated with ScNLE underexpression is a significant
increase in the stomatal index (Fig. 3-4). Stomatai formation has becn extensively
studicd in Arabidopsis and similar patteming mechanisms likeiy apply to other dicots
(Geisler et al. 2000). Stomata originate from a meristemoid, a ccli with limited stem
cdl capacity. The firsts meristemoids produced in an organ originate from some
specialized protodermal ceils callcd meristemoid mother celis (MMC). An
asymmetnc division of the MMC gives risc to a smaller, usually tnangular shape
meristemoid and a larger neighboring cdl. The meristemoid can itself reiterate this
pattem of asymmetric division, but only for a limited rounds of ccli division, and
eventuaily differentiates into a round guard mother ccli (GMC). The GMC finally
divides symmetrically to form the pair of guard cells of a stomata. Most of the
neighboring cells of a stomatal complex differentiate into pavement cells, but some
can reinitiate a stomatal lineage by dividing asymmetrically to give nse to satellite
meristemoids. In Arabidopsis, almost halt of the pavement celis of a leaf are
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generated through the asymmetric divisions of meristemoïds (Geisler et al. 2000).
Considering mir data on reduced ceil proliferation in ScIVLE underexpressing plants,
an increase in stomatal index coulct be attributed to reduced meristematic
maintenance capacity of meristemoid ceils. Meristemoids would go through a fewer
number of celi divisions before differentiating into GMC and hence iess pavement
ceils would be generated per meristemoid, thus resulting in an increase of the
stomatal index.
The NLE gene vas first isoïated as a regulator of the Notch receptor activity
in Dmvophita (Rovet et al. 1998) and later, the yeast NLE homolog (YCRO72c or
Rsa4c) was repeatedly found as a non-rihosornal protein associated to pre-60S
ihosomaI particles (Bassier et al. 2001Gavin et al. 2002;Nissan et al. 2002).
Although no Notch signaling pathway exists in plants and yeasts (Wigge and Weigel
2001), the AILE gene is evolutionary conserved in eukaryotes and orthoiogues are
expected to perform similar cellular functions. Ribosome biogenesis seems to he a
highly conserved cellular process throLighottt animais, plants and yeasts (Tschochner
and Hurt 2003). In this study, the identification of a homolog of the yeast MDN] gene
product as a potential protein paftner of ScNLE provides further support to the
implication of the NLE gene in 60S ribosomal subunit biogenesis. With a molecular
weight of 560 kDa, MDNI represents the Iargest protein identified in the yeast
genome. MDN1 consists of an N-terminal ATPase domain, comprised of six AAAt
type promoters, that is separated by a long middle domain from the C-terminal M
domain (Garbanno and Gibbons 2002). The ScNLE-ScMDNI interaction would
involve the Nie domain of ScNLE and the M-domain of ScMDNI, since ail the
ScMDN] clones isolated from the two-hybrid screens contained at ieast the M
domain but flot necessanly the adjacent upstream D/E-nch domain (Fig. 3-5C).
Consistent with this, M-domains are involved in protein-protein interactions and
function in multiprotein complexes (Whittaker and Hynes 2002).
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Although the ScNLE-ScMDN t interaction was flot confirmed with other
protein-protein interaction assays, we believe it is meaningful for the following
reasons. Firstly, ScMDNÏ was consistently isolated from two different two-hybrid
systems, and therefore does flot represent an artifact associated to the screening
system itsclf. Secondly, despite the high number of clones screened, ScMDNI was
the only candidate with a M-domain retrieved. M-domains are present in several other
plant pmteins and are known to be involved in protein-protein interactions (Liu et al.
2005;Whittakcr and Hynes 2002). Thirdly, we have shown that ScMDN] shows
overlapping expression pattcrn (Fig. 3-6) with that determined for ScNLE in a
previous study (Chantha et al. 2006). Moreover, an ScNLE-GFP protein localized in
the nucleus (Fig. 3-7C), which is in the same cellular compartment as the yeast
MDNI (Galani et al. 2004;Garbarino and Gibbons 2002) and would therefore provide
the potential for these proteins to interact in pÏaizta. Lastly, yeast NLE/Rsa4p and
MDN1 were repeatedly isolated in the same protein complexes hy tandem affinity
purification — mass spectrometry using different tagged trans-acting factors of pre
60S ribosomal particles (Bassier et al. 2001;Galani et al. 2004;Nissan et al. 2002).
The NSA2 protein (YERI26p) was also found as a non-ribosomal constituent of these
afTinity purified pre-60S ribosomal particles (Gavin et al. 2002;Nissan et al. 2002).
Interestingly, a homolog of yeast NSA2 was isolated several times with the WDR
domain of ScNLE in our two-hybrid screens, bringing further support to the possible
involvement of ScNLE in 60S nbosomal subunit biogenesis in plants.
In yeast, 60S ribosomal subunits undergo initial assembly in the nucleolus and
then go through different steps of maturation in the nucleoplasm before they are
exported to the cytoplasm for final maturation (Tschochner and Hurt 2003). While
MDNI is enriched in a late nucleoplasmic pre-60S nbosomal particle, close to export
to the cytoplasm but from which it is released before export (Bassier et al.
2001;Galani et al. 2004), yeast NLE/Rsa4p has been identified in nucleolar,
nucleoplasmic and cytoplamic pre-60S particles (Bassier et al. 2001;Nissan et al.
2002). Consistent with this, ScNLE-GFP was here shown to be localized in both the
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nucleus and cytoplasm of plant ceils (Fig. 3-6), which is also consistent with the
subcellular Iocalization determined for the human NLE (Scherl et aI. 2002), and yeast
NLE/Rsa4p (de la Cruz et al. 2005) oiÏhologs. In yeast, pre-60S particles that are
successively formed on their maturation path are composed of substantially different
pre-rRNAs species, hbosomal proteins and trans-acting factors (Tschochner and Hmï
2003). Based on the structural nature of NLE as a WDR protein, it bas been proposed
that ycast NLE/Rsa4p could act as a molecular platform for the interaction of other
trans-acting factors involved in the maturation of pre-60S particles, trom early steps
in the nucleolus to final dissociation in the cytoplasm (de la Cruz et al. 2005). Taking
into account ocir yeast two-hybhd resuits and the evolutionary conservation of
ribosome biogenesis, NSA2 and MDNI could represent such trans-acting factors that
transicntly assemble to pre-60S particles through NLE/Rsa4p to accomplish their
function.
Depletion of NLE/Rsa4p and MDNI in yeast causes defects in pre-rRNA
processing and pre-60S subunits transport, leading to the reduction of mature 605
subunit formed (de la Cruz et al. 2005;Galani et al. 2004). Because ribosomes are
fondamental for global cellular functions, misregulations in ribosomal biogenesis can
be expected to cause general developmental defects. In yeast, both MDN] and
NLE/Rsa4 are required for cell viability (Giaever et al. 2002). This also seems to be
the case for ScNLE since fully suppressed plants could not be isolated from
transgenic S. chacoense lines expressing either an antisense or a RNAi ScNLE
construct (Chantha et al. 2006). Depletion of NLE/Rsa4p protein in yeast leads to a
strong slow-growth phenotype (de la Cruz et aI. 2005), which can he compared to the
cellular enlargement and proliferation defects observed here on leaf adaxial pavement
ceils and hence could cause the pleitropic developmental defects in ScNLE
underexpressing lines. In a previous study, ScNLE expression was shown to be
upregulated in ovaries by fertilization, an event that induces an intense period of
cellular division that initiates fruit development, and its underexpression was shown
to cause ovule and seed abortion (Chantha et al. 2006). Reports on the role of genes
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encoding trans-acting factors involved in ribosome maturation during plant
development are scarce. An insertion mutation in the SLOW WALKER] (SWA]) gene.
encoding a ribosome trans-acting factor, causes a delay in female gameogenesis (Shi
et ai. 2005). Mutating or silencing of plant ribosomal protein genes produced
deveiopmental phenotypes similar to the ones ohserved in ScNLE underexpressing
plants, such as reduced organ size and organ number, late Rowering and reduced ccli
proliferation (Lahmy et al. 2004;Popescu and Tumer 2004;Weijers et al. 2001).
En conclusion, our data indicate that ScNLE is essential for normal ceil
proliferation and celi enlargement during plant development. The pleiotropic defects
in shoot devclopment resulting from underexpressing ScNLE is Iikely the
consequence of defects in 60S nbosomal biogenesis.
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Table 3-1. Stornatal density and stornatal index in WT md varlous SciVLEunderexpressing
hnes
Adaxial leaf Stem
une Stornatal Stomatal Ratio P/S Stomatal Stornatal
density’ index (%)‘ density’ index (%)5
WT 7,0 ± 2,6 5.8 ± 1,8 [7,8 ± 5,2 2,9 ± 1.1 1,6 ± 0.4
asNLE3 34,0 ± 7,7 9.4 ± 2,5 10,3 ± 3,1 6,1 ± 2.1 3,3 ± 1,1
asNLE5 3t).2 ± 5,9 9,0 ± 1.6 t0.8 ± 2,0 2,8 ± 0,7 2.1 ± 0.6
iNLE5C 7.9 ± 1.5e 7,7 ± l.O 12,3 ± 2.0 9.1 ± 3,8 3.2 ± 0.8
iNLEb 40,9 ± 7.1 15.9 ± 1,1 5.3 ± 0,4 5,2 ± 1,5d 2.4 ± 0,3
::p
= number cf pavement cells I S = number et stomata, ± SD (n= 8 te 13)
‘1Mean total number cf stemata per surface unit (0.407 mm2 fleld) ± SD (n= 8 te 13)
h1.
= / ( ± S)100J ± SD (n= 8 te 13)
CAII the values were signihcantly different from the correspending WT value (r-test. p < t).00t) except
. dcl-or
d8. t ti different from the WT (Student’s t-test, p < 0.01)
CNot significantly different from the WT
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Figure 3-1. In situ Iocalization of ScNLE transcripts in the apex. (A) Vegetative apex,
longitudinal section, ScNLE antisense probe. (B) Inflorescence apex, longitudinal section,
ScNLE antisense probe. (C) Vegetative apex, longitudinal section, SeNLE sense probe. (A -
C) Bar = 100 trn. (D) GUS staining pattem conferred by ScNLE prornoter. In (A, C, D)
arrowheads indicate shoot apical meristems and arrows indicate axillary meristems. Bar =
250 tm.
104
•WTG4
601UasNLE3 I
asNLE5
U NLE5
28 35 42 49 56
Days
B 20
•WTG4
15
U asNLE3
asNLE5
U iNLE5
28 35 42 49 56
Days
C
WT iNL5 INOEB asNtl5 asNLE3
k .j
figure 3-2. Sporophytic phenotypes associated to ScNLE underexpressing unes. (A) Stem
elongation. Stem lengths of WT and ScNLE underexpressing unes were rneasured 2$, 35,
42, 49 and 56 days after transfer of plants from in vitro culture to sou (n=10). (B) Leaf
production. Number of opened leaves produced per plant (n=Ï0). (C) 2nd youngest fully
opened leaves of indicated genotype plant. Bar 2 cm. (D) Transversal sections of WT
(left) and iNLE6 (right) stems. Bar = I mm. (E) Morphology of representative flowers of
WT (left) and iNLE5 line. Bar = Ï cm. (F) Longitudinal sections of WT (left) and iNLE6
(right) apices. Bar = 50 jim.
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Figure 3-3. Adaxial epidermal pavement ceil size and celi number in SeNLE
underexpressing unes. (A) Ccli imprints of mature leaf from WT (left), iNLE5 (middle)
and iNLE6 (right) unes. Bar = 10 tm. (B) Average ceil area of mature and young leaflets
of WT and ScNLE underexpressing unes. For each une, a total of 1 50 epidermal celis were
measured from 10 equivalent terminal leaflets coming from 10 independent plants. (C)
Total number of ceils of mature terminal leaflet. For each une, 10 equivalent terminal
leaflet areas were measured and divided by corresponding mean ceil areas determined in
(B).
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Figure 3-4. Stomata production and leaf internai tissues of a ScNLE underexpressing une.
(A, B) Adaxial epidermal celi imprints of a WT (A) and a iNLE6 (B) mature leaf. Stomata
are colored in blue and meristemoids are colored in red. (C, D) Transversal sections of
mature leafblades ofWT (C) and iNLE6 une (D). Bars = 100 tm. P, palisade parenchyma;
S, spongy parenchyma; B, bundie sheath.
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Figure 3-5. ScNLE two-hybrid interactions. (A) Schematic representation of ScNLE cDNA
(up). Numbers on top represent nucleotide positions, number 1 corresponding to the flrst
nue leotide of the ATG initiation codon. (Ï) to (4) represent regions fused to Ga14 BD
and/or Sos. Numbers on the left and right refer respectiveiy to 5’ and 3’ ends of cloned
cDNA regions. (t) Full ScNLE; (2) NIe domain; (3) WDR domain cloned in pBD-Ga14; (4)
WDR domain cloned in pSos. (B) Interactions of pAD-ScMDN1 C-terminai region with
different portions of ScNLE fused to Ga14 BD or with Ga14 BD alone in yeast, on -I-lis
setection medium. (C) Schematic representation of ScMDNI with emphasis on its C-
terminal region. Circles with associated numbers represent N-terminal position and number
of corresponding cDNA clones retrieved from two-hybrid screens with the Nie domain or
complete ScNLE protein fused to Ga14-BD or Sos.
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Figure 3-6. RNA expression analysis of ScMDNJ transcript levels. Ten tg of total RNA
from various tissues were probed with a 32P-labelled ScMDNI partial cDNA. (A) Diverse
plant tissues. (B) Ovules at different time points in days after pollination (DAP). (C)
Ovaries at different time points in hours after pollination (RAP). A 32P-labeÏled 18S probe
was used as a control.
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Figure 3-7. Transient expression of ScNLE-GFP in tobacco protoplasts. Confocat
microscope images of (A) GFP control expression and (C) ScNLE-GFP chimeric protein
expression. Green represents GFP fluorescence. Red represents chlorophyli fluorescence.
(B) and (D) Differential interference contrast microscope images of (A) and (C),
respectiveÏy. Arrows indicate the nucleus.
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4.1. ABSTRACT
Fernale gametophyte development in Arabidopsis t/ialiancz follows a well-defined
program that involves many fundamental cellular processes. In this study, we report
the involvement of the Arubidopsis thaÏianct MIDASIN] (AtMDN]) gene during
female gametogenesis through the phenotypic characterization oC plants heterozygous
for an insertional mdii] mutant allele. The 7iDN] yeast orthotog (also known as
REÀI) has previously been shown to encode a non-ribosomal protein involved in the
maturation and assembly of the GOS ribosomal subunit. Heterozygous MDN]/mcÏn]
plants were semisterile and mcm] allele transmission was mainiy affected through the
female gametophyte. Differenti al interference microscopy revealed that deveiopment
of nidn] female gametophytes was considerably delayed compaied to their wild-type
siblings. However, delayed mcliii female gametophytes were able to reach maturity
and a delayed poïlination experiment showed that a small proportion of the ovules
were ftrnctional. We also report that the Arahiclopsis NOTCHLESS (AtNLE) gene is
also required for female gametogenesis. In yeast, the NLE protein has been
previoLlsly shown to interact with M]DNI and to be also invoived in 60S subunit
biogenesis. The introduction of an AtNLE-RNA interference constrcict in Arabidopsis
leU to semistenlity dcfects in 75% of the prirnary transformants generated due to
ovule abortion. Defective female gametophytes were mostly arrested at the one
nucleate developmentat stage. Both AtMDN] and AtNLE are expressed in similar
pattems in ail the sporophytic organs. These data, taken together, suggest that the
activity of both AtMDNJ and AtNLE is essential for female gametogenesis
progression as well as throughout the sporophytic phase of plant development, which
is consistent with a function in a basic cellular function such as nbosome biogenesïs.
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4.2. INTRODUCTION
The reproductive phase of the angiosperm life cycle is characterized by a
short-lived and reduced gametophytic generation (haploid), which contrasts with the
dominant sporophytïc generation tdiploid), represented by the liowering plant.
Moreover, development of the male and female gametophytes rnostly depends on the
parent sporophyte. taking place enclosed within the anther and the ovule,
respectively. The sporophytic structures first produce sexually differentiated spores
through meiosïs of diploid spore mother ceils. Whereas numerots microspores are
produced in the anther. only one functional megaspore survives in the ovule.
Gametogenesis then initiates from the resulting hapÏoid spores to give rise to the
mature gametophytes by only a few mitotic divisions (Drews and Yadegari 2002;
Brukhin et al. 2005). The mature male gametophyte, represented hy the pollen grain,
consists of three celis: a vegetative ce!] harboring two sperm ceils tMcCormick
1993). The mature female gametophyte, represented hy the embryo sac, is of the
Petvgontcm type in about 70% of flowering plant species, including Arabidopsis
(Willemse and van Went 1984; Huang and Russe!! 1992; Drews and Yadegari 2002).
This type of embryo sac arrangement consists of seven celis: the egg celi flanked by
two synergids at the micropylar pote, three antipodals at the opposite chalazal pole,
and a diploid central celi. The sperm celis of the pollen grain are transported via a
pollen tube into the embryo sac to fertitize the egg ce!! and the central ceil, which
initiates the formation of an dip!oid embryo and a triploid endosperm respectively.
The female gametophyte develops according to a well-defined program that
involves many fundamental cellular processes (Schneitz et al. 1995; Chnstensen et al.
1997). In Arabidopsis, the functional megaspore undergoes three rounds of mitosis
without cytokinesis, during which the nuclei migrate to specific positions to produce
an eight-nucleate coenocytic embryo sac. Subsequent cellulanzation as well as fusion
of the two polar nuclei of the future central ceil give rise to a mature seven-cel!ed
embryo sac, as descrihed earlier. The three antipodals finally degenerate around
ri
flower anthesis resulting in a four-cellcd embryo sac. Mutations disrupting one of
these cellular piocesses are likely to affect fernate gametogenesis and show reduced
transmission through the female gametophyte to the next sporophytic generation
(Feldmann et al. 1997; Drews et al. 199$; Grossniklaus and Schneitz 199$). Mutants
showing defects during female gametogenesis progression have been mostly isolated
through genetic screens in Arctbidopsis and the identified genes disrupted in these
mutants are involved in diverse cellular functions (Feldmann et aI. 1997; Chrïstensen
et al. 1998; Howden et aI. 1998; Christensen et al. 2002; Drews and Yadegari 2002;
Brukhin et aI. 2005; Pagnussat et al. 2005). for example, the underexpression of the
/tRABINOGAMCTAN PROTEIN 18 (AGP]8) gene by RNA interference leads to a
defect in the transition of the megaspore to a female gametophytic developmental
program (Acosta-Garcia and VietIe-Caizada 2004). Insertional mutations in
NOMEGA (Kwee and Sundaresan 2003) and AJVAPHASE PROMOTING-COMPLEX
2 (APC2) (Capron et aI. 2003). encoding two different components of the E3 ligase
anaphase promoting complex/cyclosome (APC/C) involved in ceil cycle progression,
result in the aiiest of female gametogenesis after the first nuclear division. Disruption
of PROLIFERA (PRL), encoding a Mcm7-like licensing factor essential for DNA
replication (Springer et aI. 1995), and targeted degradation of the cHROMATIN
REMODELING PROTEIN 1] (CHR]]) transchpts through RNA interference
(Huanca-Mamanï et aI. 2005) also cause a premature arrest in nuclear division. In the
slow waÏker J (swa]) mutant, whïch is disrupted in a gene encoding a component of
the large nucleolar U3 complex required for 185 hbosomal RNA hiogenesis. nuclear
proliferation in the embryo sac is delayed and asynchronized (Shi et al. 2005). Mutant
alleles of the plant retinoblastoma homologue RBRJ, a negative regulator of ccli
division, lead to excessive nuclear proliferation in the female gametophyte (Ebel et al.
2004).
In the present study, we 1-eport that disrupting the expression of the
Arabidopsts MIDASINJ (AtMDNI) gene, encoding an AAA ATPase and MIDAS
domains containing protein, causes semisterility by causing a delay in female
I 22
gametophyte development. In Sctcchamiiivces cerevisicte, MDN 1/REA I was
identified with NLE/RSA4 in the same protein complexes as non-ribosomal factors
pw-ticipating in 60S rihosomal subunit maturation (Bassler et al. 2001; Gavin et al.
2002; Nissan et al. 2002). The wild potato Sutanwii chacoense ScMDNI ortholog
was iecently shown to interact with ScNLE in yeast two-hybrid assays (Chantha et al.
2006). Consistent with an involvement in a common cellular process, the introduction
of an .IINLE-RNA interference consttuct in Arabiclopsis also leads to a semisterility
defects causcd by defects in female gamctophyte development. The female
gametogenesis defects caused by the indu] mutation and the AtNLE-RNAi construct
are consistent with a function in a basic cellular function such as rihosome
hiogenesis.
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4.3. MATERIALS AND METHODS
4.3.1. Plant material and growth conditïons
Plants were grown in a growth chamber at 20-22 C under a 16 h tight/8 h
dark cycle. Columbïa (Col) and Wassilewskija (Ws) ecotypes of Arabidopsis t/iatiana
were used for AiMDN] and AtNLE characterization, respectïvely. Seeds collected
from agro-infiltrated plants were surface sterilized in 70% ethanol and 0.05% Tween
20 fou 5 min. followed by 3 washes in 95% ethanol, and allowed to dry completely
under a steble flow hood. Seeds were plated on MS medium (1/2X MS medium,
0.1% scicrose, 0.6% agar, pH 5.7) without antibiotic or supplemented with 25 tig/rnl
kanamycin and L00 cg/ml carbenicilline and stratified in daukness at 4 °C for 2 days.
Seedlings were transferred to sou and guown in growth chambers in the same
conditions as stated ahove.
4.3.2. Cloning ofAtNLE
Total RNA (1 tg) extracted from flowers at anthesis from Arcibidopsis WS
ecotype was reverse-transcribed by using the First strand cDNA synthesis kit for RT
PCR (AMV) (Roche Diagnostics, Lavai, Qc) with oligo-p(dT)15 primer, according to
the manufacturer’s instructions.The AtNLE cDNA sequence was PCR-amplified wth
pnmers NIeWS-1 (5’-AITCACACAGGTCGTCTTTGCGAAGCTC-3’) and NIeWS
2 (5’- TCCACCGCAAAAACCTATCCACAACAATA-3’), designed based on the
AtNLE Columbia sequence available in GenBank. PCR products conesponding to
AtNLE expected size was extracted from agarose gel and cloned into the pCR®4-
TOPO vector using the TOPO TA cloning kit (Invitrogen Canada, Burlington, ON).
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4.3.3. Generation of AtNLE-RNAi hnes
A 766 bp fragment of AtNLE from ArabicÏopsis WS ecotype was PCR
amplificd from cloned cDNA with the NLEWS3 primer (5’-
GAGACTCGAGGGATCCCAGGCGGAÀGCTGTTCTTTG-3’), containing the
XhoC and BamHI restriction sites, and the NLEWS4 primer (5’-
GAGAGCCGCGCCGGTACCTÀCAAGCTGTTGATGACCGG-3’), containing
the Asci and Kpnl restriction sites. The PCR fragment was first cloned in the sense
orientation using the BamHI and KpnI sites of the silencing pDarth vector (O’Brien et
al. 2002). The resulting plasmid was then used for a second cloning of the same PCR
fragment in the antisense orientation using the AscI and XhoI sites. The plasmid was
introduccd into Agrebacteritcni tuniefitscieits stain LBA4404 hy electroporation.
Ambiclopsis plants (WS ecotype) were transformed using the vacuum infiltration
rnethod described in (Clough and Bent 1998) with slight modifications. One third of a
3 ml ovemight pre-culture of Agrobacteriitm carrying the silencing plasmid was used
to inoculate 200 ml YEP (1% yeast extract, 1% peptone, 0.5% NaCl, pH 7.0)
supplemcnted with 50 tiglml kanamycin at 2$ °C until 0D600 > 1.2. CeIls were
harvested hy centrifugation at 5 500 rpm for 10 min and resuspended in 10 ml
infiltration medium (1!2X MS medium, 5% sucrose. 44 nM benzylaminopurine,
0.02% Silwet L-77, pH 5.7) and volume was completed to 600 ml. A beaker
containing the inoculum was placed in a vacuum chamber. Plants were inveîÏed and
immersed into the bacteria suspension such that the inflorescences were completely
submerged. Vacuum was applied for about 5 min such that bubbles were drawn from
plant tissues. Infiltrated plants were grown in a growth chamber at 22 oc under 16 h
light and $ h dark. Seeds were collected and selected for kanamycin resistance, as
described above. Transformation with the AtNLE-RNAi construct was confirmed by
PCR amplification using the primers described above.
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4.3.4. Isolation and gel blot analysis of RNA
Total RNA extraction and RNÂ gel hiot analysis procedure.s are descrihed in
(Lantin et al. 1999: Lagace et al. 2003). RNA for RT-PCR analysis of AtNLE RNAi
unes was isolated using the RNeasy® plant mini kit (Qiagen, Mississaua, ON). for
RNA gel blot analysis, 10 tg ot total RNA for each tissue samples were separated on
gel. Probes were derived from partial SMDN1 cDNA or full length AtNLE cDNA
tabclted with a-[32P1-dATP (CN Biochemicats, trvine, CA) using the High Prime
DNA Laheling kit (Roche Diagnostics, LavaI, QC). A 32P-labelled 18S probe was
used as a control. Membranes were exposed at —85°C with intensifying screens on
Kodak Biomax MR film (Interscience, Markham, ON).
4.3.5. Segregation Analysis
Seeds collected from heterozygous mdii] self cross and reciprocal crosses
between heterozygous mdii] mutant and wild type plants were germinated on MS
medium as described above. Genomic DNA from seedlïngs were extracted and PCR
amplified for genotyping using the REDExtract-N-Amp’’ Plant PCR Kit (Sigma
Aldrich). Presence of the WT AtMDPVJ allele was determined by amplification with
the primers Midasi (5’-AACTTACAACCTGCCTGTTC-3’) and Midas2 (5’-
AGAATTCCATCAGACCAAGC-3’). Presence of the mdii] mutant allele containing
the T-DNA insertion was determined by amplification with the primers LBbI (5’-
GCGTGGACCGCTTGCTGCAACT-3’) and Midas2. PCR reactions were performed
under the following conditions: I cycle of 94 °C / 4 mm; 35 cycles of 94 °C / 30 sec,
54 °C/30 sec. 72°C! 1 mm; 1 cycle of72°C /4 min.
4.3.6. Histological analysis
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Aralidopsts floral organs were cleared with methyl salicylate as described in
(Estrada-Luna et al. 2004). Siliqcies were dissected iongitudinally with hypodermic
needles (1 mi insulin syringes). Cleared ovules were observed on a Zeiss Axioimager
Ml microscope (Cari Zeiss Canada, Toronto, ON) ctnder Normaski optics and images
wcre acquited with a Zeiss AxioCam MR digital camera. Ail images were processed
for publication using Adobe Photoshop CS (Adobe Systems, San Jose, USA).
4.3.7. DNA sequencing and sequence analysis
Approximateiy 200 ng (5 pJ) of plasmid DNA and 15 pi of reaction mixture
containing 8.5 pi of water, 3.5 pi 5X sequencing buffer, 2 pi primer at 0.8 jiM, and I
tl Big Dyc Terminator Ready Reactïon Mix (PE Applied Biosystems) was used for
the sequencing reaction. Sequencing reactions were preformed on a GeneAmp PCR
System 9700 (PE Applied Biosystems), and the cycling conditions were: 96 °C, 10
sec; 50 °C, 5 sec, 60 °C. 4 min for 25 cycles. DNA sequencing was performed on an
Applied Biosystem ABI 310 automated sequencer. Sequence alignments were
performed with the ClustalW module of the MacVector 7.2.3 software (Accelrys Inc.,
San Diego, CA). Database searches were conducted with the BLAST program on the
National Center for Biotechnology Information web service
(http://www.nchi .nih .nlm.gov).
The GenBank accession number for the AtMDN] Columbia ecotype cDNA
sequence is NM_105382. TheAtMDN] gene corresponds to locus At1g67 120 and the
AtNLE gene to locus At5g52820.
4.4 RESULTS
4.4.1. AtMIDASIN1 sequence analysis
zIi-abidopszs tlialiana MIDASIN] (AtMDN]) is a single-copy gene and is
Iocated on chromosome E (loccis Àt1g67120). Based on computer-predicted exon
intron boundaries, the AtMDNJ coding region is comphsed within 73 exons and
consists of 16011 bp (accession number NM_1053$2) (Figcire 4-lA). Although ESTs
covering smaÏl portions of this sequence have been found, the expression of the
predicted complete sequence has not been confirmed experimentally. The AtMDNI
gene is predicted to encode a huge protein of 5 337 amino acids and a calculated
molecular weight of 584.7 kDa. which makes its yeast ortholog the Iargest protein in
the yeast proteome (Garbarino and Gibbons 2002).
A BLAST search of publicly available protein databases revealed that
AtMDNI showed significant overali sequence similanties with sequences from
Sacchctromyces cerevisiae (also known as YLRIO6p or REAI) (25% identity, 39%
similarity, accession no. NP013207) and Homo sapiens (25% identity, 41%
similarity, accession no. AAM77722). Although the complete sequence of other
N’IDNl plant orthologs were not available, comparison with the 816 aa C-terminal
sequence of Sotanum chacoense ScMDN1 (Chantha et al. 2006) revealed about 45%
identity and 59% similarity with the corresponding C-terminal part (covehng 832 aa)
of the Arcibidopsis AtMDNI sequence. The MDNI protein comprises two highly
conserved domains: an AAA ATPase domain in its N-terminal region and a MDAS
domain at its C-terminus (Figure 4-lB) (Garbarino and Gibbons 2002). Degrees of
sequence identities and similarities for these domains between Arabidopsis MDN 1
and some orthologs are shown in figure 4-lB. Proteins containing AAA ATPase and
MIDAS domains are involved in diverse cellular processes and frequently function in
multiprotein complexes (Whittaker and Hynes 2002: Iyer et al. 2004). The AAA
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domain oC MDNI consists of six tandem ATPase domains, refened as AAA
protomers, each characterized by several conserved motifs important for ATP
sensing, bmding, and hydrolysis (Figure 4-IC) (Garbarino and Gibbons 2002; lyer et
al. 2t)04). The AAA protomers are thought to fotd altogether into a hexameric ring
that changes in conformation upon ATP binding and hydrolysis (Garbabno and
Gibbons 2002; Iyer et al. 2004). The MDAS domain binds metal ions via a set of
conserved sequence motifs that form a metal ion-dependent adhesion ite (MIDAS)
anct is thought to mediate protein-protein interactions (Figure 4-ID) (Whittaker and
Kynes 2002).
MDNI was shown to be localïzed in the nucleus of yeast ceils (Garbarino and
Gibbons 2002). Analysis of the ÀtMDNI amino acid sequence with the PredictNtS
server [http://cubic.bioc.columbia.edu] revealed one potential nuclear localization
signal, which is represented by a cluster of basic residues RKRKK (residues 79 t-795)
located in the AAA domain. AtMDNI, like its yeast ortholog, is rnost probably
localized to the nucleus.
4.4.2. The îiidizl insertional mutant allele caused female semisterility
in order to define the function of AtMDN] during plant devclopment, we
analyzed the phenotypes associated with a T-DNA insertion mutant in the Columbia
ecotype (Salk_057010) obtained from the Arabidopsis Biological Resource Center
(ABRC) (Alonso et aI. 2003). The T-DNA insertion site was estimated to be located
within exon 27 of AtMDN] in the SIGnal database (http://signal.salk.edu/cgi
bin/tdnaexpress). This location was confirmed by PCR amplification using gene
specific primers in combination with a T-DNA left border primer (data flot shown).
The T-DNA is predicted to disrupt the AAA-domain of AtMDNI (Figure 4-lA, B),
which is essential for the catalytic activity of the protein (Iyer et al. 2004), therefore
rendering the AtMDNI protein non-functional. The T-DNA insertional AtMDNJ
1 2’
mutant allele is refelTed to as indn] and was cised here for further anatysis. Plants
were individually genotyped by PCR amplification since the kanamycin resistance
marker comprised in the T-DNA was suppressed, an effect that can he obtained after
several generations of growth (http://signal.salk.edu).
None of the parental plants was homozygous for mcml, suggesting that the
mutant allele could flot be fully transmitted through the gamethophytes andlor caused
seed lethality. HeterozygoLis MDN]/mdiz] plants showed no visible abnormalities in
vegetative growth or development when compared to WT plants, which is expected
for diploid unes canying a recessive mutation. However, siliques produced by
MDNI/mdn] plants were somehow shorter than the WT because of reduced seed set
(Figure 4-2A, B). Quantitative determination of seed production showed that WT
siliques were associated with nearly full seed set (5.1% ovule abortion) while
MDNJ/mcÏnl siliques produced normal seeds as well as small and whitish ovules,
representing signs of ovule abortion, in about equal proportions (Figure 4-2B, D).
Crosses between MDN]/nidnl pistils and pollen from WT anthers produced siliques
beanng about 50% aborted ovules while crosses between WT pistils and pollen fiom
MDN]/ntdnt anthers lcd to almost full seed set (Figure 4-2D). These resuits confirm
that the semisterility phenotype observed in MDN]/mdnt plants is attributable to the
female reproductive organs.
4.4.3. The indul mutation affects predominantly the female gametophyte
Semisterility originating from ovule abortion in a heterozygous mutant is
often indicative of a gametophytic mutation affecting the development or a
reproductive ftinction of the Cemale gametophyte (Feldmann et al. 1997; Drews et al.
1998; Grossniklaus and Schneitz 1998). In the case of a fully penetrant female
specific gametophytic mutation, the expected segregation ratio of presence to absence
of the mdiii allele in the progeny is 1:1, as the pollen grains of a heterozygous plant
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carry cither the nidn] or the MDNJ allele and hoth types should fertilize in equal
proportions WT female gametophytes exclusively, the mdiii female gametophytes
being nonftinctional. Several female gametophytic mutations are, however. flot
specific and affect both female and male garnetophytes, and as a consequence. show a
segregation ratio Iower than 1:1 (Drews and Yadegari 2002). We deteiminedthatthe
segregation ratio of the mdiii allele in the FI progeny of selfed MDN]/mcÏizi plants
was 1:2.4 (MDN1/mcln].MDN]/MDN]) (ii = 136) (Table 4-1). This distorted
segregation ratio signifcantly lower than 1:1 suggests that mdiii is a general
gametophytic mutation that affects the development andlor the reproductive function
of both female and male gametophytes.
To determine to which extent the respective gametophytes were affected by
mdiii in their ability to transmit their genes to the next generation, we analyzed the
transmission efficiency of the mdl?i allele through either sex in the progeny of
reciprocal crosses between MDNi/mdni and WT plants. Transmission efficiency
(TE) of the mcliii allele was significantly reduced through the male gametophyte
(TE111=66.7%, ,i=94) but was more strongly reduced through the female
gametophyte (TEièmaie=I0.4%, n=170) (Table 4-1). These data indicate that the mcliii
allele affects more severely the female gametophyte than the male gametophyte and
that the mdii] allele is mainly transmitted to the progeny by the male gametophyte.
Despite a significant transmission of the mdii] allele through both gametophytes,
homozygous plants were flot recovered from the progeny of selfed MDNi/mchni
plants, suggesting that the mclii] mutation may also cause embryonic Iethality.
4.4.4. Female gametophyte development is impaired by the mdiii mutation
b investigate which aspect of female gametophyte devetopment or
reproductive function is compromised in MDNJ/mdni plants, we first analvzed by
differential interference contrast (DIC) microscopy the phenotype of female
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gametophytes in cleared ovules at flower anthesis. Female garnetophyte
dcvelopmental stages (FG) are defined according to Christensen et al. ([997) and
flower development stages are defined according to Smyth et al. (1990).
Developmental studies in Arctbidopsis have shown that female gametogenesis in
ovules comprised within one individual pistil is fairly synchronous and this
synchrony allows the use of the WT female gametophytes of a pistil to predict the
developmental stage of the mutant gametophytes within the same pistil (Christensen
et al. 1997; Shi et al. 2005).
Among the emale gametophytes examined from MDNI/nidnl pistils at
flower anthesis (stage 13), about half were at the seven-celled (FG6) or four-celled
(F07) stages (Figure 4-3A and B; Table 4-2) while the other haif covered a variety of
earher developmental stages, mostly including two-nucleate stage (FG3), four
nucleate stage (FG4), and eight-nucleate stages (FG5) (Figure 4-3C-E; Table 4-2).
Because about haIf of the ovules were aborted in MDNJ/nidn] siliques, it is likely
that female gametophytes at the seven-celled (FG6) and four-celled (F07) stages
were WT whereas female gametophytes at earlier developmental stages bear the
indn] allele. Therefore, the mUni mutation would affect female gametophyte
development by retarding or anesting its development rather than affecting one of its
reproducti ve function.
Despite the reduced transmission of the mUni allele through the male
gametophyte, although flot as severely as through the female gametophyte, no
obvious defects in pollen grain morphology could be detected in MDNY/indn] anthers
by DIC microscopy when compared to the WT (Figure 4-3F).
4.4.5. mdiii female gametophyte development is delayed and can progress to
maturity
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To determine whether the mdn] female gametophytes were arrested dLlring
the nuclear division stages or were delayed during their development and could
further progress to the mature stage (FG7), we analyzed ovules from pistils at a later
flower developmental stage. MDN]/mdn] pistils at about 30 hoLirs after flowering
(HAF) contained young developing seeds and small ovules in about equal proportions
(Figure 4-2A). The cleveloping seeds examined mostly contained octant stage
ernhryos and some quadrant embryos (figure 4-4E; Table 4-2), while undeveloped
ovules from the same pistils contained female garnetophytes at different
developmcntal stages (Figure 4-4A-D; Table 4-2). These comprised two-nucleate
stage (FG3), four-nucleate stage (FG4), eight-nucleate stage (FG5), seven-celled
stage (FG6), and four-celled stage (FG7). About haïf of these delayed female
gametophytes were at the four-celled stage (FG7) (Table 4-2) and showed a normal
cellular constitution, with two synergids, one egg-cell, and a central ceil (Figure 4-
4D). Therefore, the mdiii mutation would primarily cause a delay rather than an
arrest in female gametophyte development since a fraction of them can progress to
maturity.
4.4.6. Delayed pollination of MDNÏ/mdnl pïstïls increased seed set
As a consequence of a siower development, the iiuÏn] female gametophytes
would flot be mature when fertilization normally takes place in WT ovule siblings
and hence remained unfertilïzed and eventually aborted. As shown above, several
delayed mdn] female gametophytes can reach maturity and are likely to be
functional. Also, as mentioned above, a small proportion of the female gametophytes
can transmit the mdn] allele to their progeny (Table 4-1) and could possibly represent
mdii] female gametophytes that reached maturity after a short delay and got
fertilized. If this is the case, we could expect that the mdii] allele would be
transmitted to the progeny in higher proportions when pollination time is delayed. To
test this hypothesis, a delayed pollination expenment was performed with a strict
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control on emasculation and poHination tirne. MDN]/indn] flowers at stage 12h
(Christensen et aI. 1997) were emasculated and pistils were poïlinated with pollen
from WT anthers 24h (stage 13) and 48h (stage 14-15) after emasculation (Smyth et
aI. 1990). Seeds obtained from at least three independent plants for each pollination
time were collected and scored for the presence of the mdiii allele. We determined
that while 5% (10:190. n=200) of the progeny from the 24h group segregated the
iiicÏii] allele, 15.5% (3 1:169, n=200) of the progeny from the 4$h group segregated
the indu] allele. These resuits stlggest that nicin] female gametophytes are flot
defective in their ability of being fertilized but are rather impaired in their
developmental progression, which is delayed compared to their WT siblings.
4.4.7. Expression of an AtNLE interference construct in transgenic plants caused
female semisterility
Previous yeast two-hybrid screens have shown that the SoÏaittun chctcoense
MDNI (ScMDNI) ortholog interacts with the WD-repeat NOTCHLESS (ScNLE)
protein (Chantha et al. 2006) and tandem affinity purification assays in yeast have
isolated both proteins as components of the same pre-60S rihosomal protein
complexes (Bassier et al. 2001; Gavin et al. 2002; Nissan et al. 2002). We therefore
wanted to determine if the AtNLE gene acts in the same developmental pathway as
the AtMDN] gene in Arabidopsis. Because no insertional mutation in the AtNLE gene
could be identified, an AtNLE RNA interference (RNÀi) construct was generated and
used to transform WT Arabidopsis Wassilewskija (WS) ecotype to generate silencing
of endogenous gene activity (figure 4-5A). From the 21 primary transformants
obtained, none showed any visible vegetative growth or developmental defects.
However, several independant AtNLE-RNAi unes produced shorter siliques than the
WT due to high levels of ovule abortion. Quantitative analysis revealed that 16 of the
pnmary lines showed ovule abortion levels ranging on average from about 15% to
almost 100% (Figure 4-5B) while WT plants showed about 9%. This semisterility
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phenotype was rnaintained in the next generation for ail the unes analysed. Crosses
between AtNLE-RNAi pistils and pollen from WT anthers produced similar ovule
ahortion levels as in AtNLE-RNA1 self crosses, while crosses between WT pistils and
pollen from AtNLE-RNAi anthers led to almost full seed set (data flot shown). These
resuits thercfote suggest that the semisterility phenotype ohserved in AtNLE-RNAi
plants is attributable to the female reproductive organs.
4.4.8. Femate gametophyte development is impaired in tttNLE RNA1 unes
To investigate the nature of the devetopmental defect associated with the
expression of the AtNLE-RNAi construct, we analyzed cleared ovules isoÏated from
pistils of two transformed unes, AtNLEi-3 and AtNLEi-.26, that showed respectively
an average of about 45% and 85% ovule abortion levels. We noticed in ail the
rtNLE-RiVAi unes analyzed that the semisterility phenotype decreased in severity
over time, as plants were getting older. For example, the first siliques produced by the
AtNLEi-26 une showed 100% aborted ovules while siliques produced later dunng
inflorescence development contained a few seeds. Since the semisterility phenotype
was maintained over the following generation for ail the unes tested (data not shown),
the transgene could in alt cases be sexually transmitted to the descendants. The partial
tecovery from the semisterility phenotype couid be attributable to progressive
transcnptional silencing of the AtNLE-RNA1 transgene itself, hence reducing RNA
interference effectiveness over time (Kerschen et al. 2004). We first analyzed ovules
from flowers at anthesis (stage 13) and defined the trend in female gametophyte
deveiopmental stages in data presented in Table 4-3. In WT siliques, the majority t-.
95 %) of ovules carned female gametophytes at the four-nucleate (FG4) stage or
later, with the eight-nucleate (FG5) stage being predominant. In ovules of AtNLEi-3
siliques, less than 30% of the female gametophytes were at the four-nucleate (FG4)
stage or later while the remaining ones were at cartier developmental stages. Among
these delayed female gametophytes, the one-nucleate (FGI) was predominant (Figure
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4-5C). As for AtNLEi-26 siliques. the proportion of ovules bearing female
gametophytes at the four-nctcleate (F04) stage or later was even lower (- 16%) than
in the AtNLEi-3 une. Delayed female gametophytes in the AtNLEi-26 une were
mostly at the one-nucleate (FOl) stage and, in addition. some were at the megaspore
forming stage (FGO) (Figure 4-5D) or degenerated (Figure 4-5E). In both AtNLEi-3
and AtNLEi-26 unes. some female gametophytes could reach the mature stage (F07)
and had a normal embryo sac morphology. These resuits suggest that the AtNLE
RiVAi construct caused a delay or an arrest in female gametophyte development.
To better understand the female gametophvte developmental defect in AttVLE
RNA1 unes, we also analyzed cleared ovules from siliques at later developmental
stages, after pollinatïon occurred and presented the scores of female gametophyte
developmental stages in Table 4-3. In WT ovules, the majority (more than 95%) of
the female gametophytes had reached the eight-nucleate (F05) stage or later, with the
seven-celled (EG7) stage heing predominant. In ovules of AtNLEi-3 siliques, about
haif of the female gametophytes were at the eight-nucleate (FG5) stage or later. The
remaining haif were at earlier developmental stages, being predominantly at around
the one-nuclear (F01) stage or degenerated. As for AtNLEi-26 siliques, only about
25% of the female gametophytes reached the eight-nucleate (F05) or later stages. As
in the AtNLEi-3 une, delayed female gametophytes of the AtNLEi-26 une were
mostly at the one-nucleate stage (F01) and a considerable proportion was
degenerated. Both AtNLEi-3 and AtNLEi-26 siliques also comprïsed some ovules
beanng fertilized embryo sacs. Also for these unes, the proportion of delayed female
gametophyte observed is consistent with the frequency of ovule abortion reported
above. Taken altogether, these results suggest that the AtNLE-RiVAi construct caused
a developmental arrest earty during female gametophyte formation, mostly at the one
nuclear (FG1) stage, and a higher proportion of degenerated embryo sacs.
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4.4.9. AtMDN1 and AtNLE are expressed throughout the plant
If MDN[ and NLE interact with each other in planta, we would expect their
expression domains in plant organs to overlap. Gene expression patterns obtained
from pctblicly accessible databases (Zimmermann et aI. 2004) showed that both
AtMDNJ and AtNLE are ubiquitously expressed and show very similar expression
profIes (Figure 4-6). AtNLE is however consistently expressed at higher levels than
AMDN], heing at least three times more abundant in ail plant organs, except in the
ovary whcrc they are expressed at similar levels. Highest expression levels for both
genes were found in tissues containing actively dividing celis, such as callus, shoot
apex, radicle and hypocotyl. In flower organs more specifically, both AtMDN] and
AtNLE were more highly expressed in the carpel. The constitutive and overlapping
expression pattems of AtMDN] and AtNLE was confirmed hy gel blot analysis
performed on total RNAs isolated from various plant tissues (data flot shown).
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4.5. DISCUSSION
In 5’accÏtaromvces cercvisiae, MDNI (also known as REAI) and NLE
(known as RSA4) were identified as non-ribosomal factors in the same pre-60S
ribosomal complexes (Bassier et al. 2001; Gavin et ai. 2002; Nissan et al. 2002).
Biogenesis of the 60S subunit is a highly coordinated process that progress from the
nucleolLis to the cytoplasm and that involves the participation of more than 70 trans
acting factors for the maturation of ribosomal RNAs and their assembly with
iibosomal proteins (Fatica and TotÏervey 2002; Fromont-Racïne et al. 2003;
Tschochner and Hurt 2003). Ribosome biogenesis was mostiy characterized in yeast
but most of the trans-acting factors identified, including MDNI/REAI and
NLE/RSA4 (Chantha et al. 2006). are well conserved in higher eukaryotes and
ribosome biogenesis pathway is therefore expected to be similar in plants, animais
and fungi (Fatica and Tollervey 2002: Fromont-Racine et ai. 2003; Tschochner and
Hurt 2003). The Solanum chacoenve orthologs ScMDNI and ScNLE were recently
shown to interact together in two-hybrid assays, which brings support to the
conservation of 60S subunit biogenesis process in plants (Chantha et al. 2006). In this
study, we report the functional characterization of the AtMDN1 and AtNLE genes in
Arabidopsis and show their involvement in female gametogenesis.
The MDN] gene encodes a huge protein compnsing a AAA ATPase domain
in the N-terminal region and a MIDAS domain involved in protein interactions at its
C-terminus (Garbarino and Gibbons 2002; Whittaker and Hynes 2002). Plant
heterozygous for the iiidn] insertional mutation showed a semisterilïty phenotype due
to ovule abortion. The indu] allele mainly impaired female gametogenesis. Analysis
of cleared ovules at different floral developmental stages revealed that the
development of nidnl femaie gametophytes was delayed compared to their WT
siblings but could stili progress to maturity. Moreover, our delayed pollination
experiment showed that a small fraction of the indn] femate gametophytes could
become functional and get fertihzed. Interestingly, plants heterozygous for an
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inscrtional mutation in the SLOW WALKER] (SWA]) gene, which encodes a trans
acting factor involved in 40S ribosornai subunit biogenesis, caused a similar delay in
female gametogenesis in Arctbidopsis, with some delayed swa] female gametophytes
becoming mature and functional (Shi et al. 2005). These data altogether suggest that
the AtMDN] gene is required for normal progression of female gametogenesis.
Additional observations revealed that the AtMDN] gene is involved in other
aspects of plant developrnent. Reciprocal crosses showed that AtMDN] activity is
also required for male gametogenesis, although at a lesser extent than Cor female
garnetogenesis. The milder effect of mdii] on the male gametophyte couid be
explained by functional redundancy of the AtMDN] gene in the male gametophyte.
This could also be explained by the lower nLtmber of ccli cycles involved in male
gametophyte development, being two compared to three for female gametogenesis, if
residual AtMDN] activity meiotically is inherited from the diploid spore mother celi.
Evidences for the requirement of AtMDN1 function is during plant sporophytic
development were also provided. No homozygous mdii] plant vas recovered from
self crosses aithough the mdii] allele could be partially transmitted through both male
and female gametophytes. Furthermore, AtMDN] was constitutively expressed
throughout the plant, with higher expression levets in young tissues.
The identification of both NLE/Rsa4p and MDNI/REAI in 60S nbosomal
subunit biogenesis in yeast (Nissan et ai. 2002; Galani et al. 2004) and their
interaction in plants (Chantha et ai. 2006), suggested their involvement in similar
aspect of female gametophyte development. Since no insertional une could be
identified for the AtNLE gene, we analyzed Arabidopsis plants transformed with an
AtNLE-RNAi construct. Variable expression levels of endogenous AtNLE transcript
were observed, although none of the unes showed an important change in AtNLE
transcnpt accumulation. However, the majonty (- 75%) of the pnmary transformed
lines shared a semistenuity phenotype with each une showing specific ovule abortion
levels. This phenotype is also consistent with the semisterility phenotype reported
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prcviously in transgenic Solciniini chctcoense plants underexpressing the ScNLE gene
(Chantha et al. 2006). Moreover, the sernisterility phenotype was maintained in the
following generation. Previous studies repoiled that RNA interference is flot aiways
associated to detectable reduction in targeted gene transcript levels (Kerschen et al.
2004) and that levels of residual targeted gene transcript are flot necessarily Co;Telated
to the degrec of phenotype severity (Acosta-Garcia and Vielle-Calzada 2004;
Chantha et al. 2006). In cleared ovules of the AtNLE-RNÀi unes analyzed, female
gametophytes in proportions conesponding to levels of aborted ovules were either
degencrated or anested at early developmental stages, including as early as dunng the
megaspore forming stage (FGO) and with a predominance at the one-nucleate (FG 1)
stage. Therefore, AtNLE function is required from megaspore forming stages during
the process of the female gametophyte formation.
Several limes of evidence suggest that the AtNLE-RNAi construct affected
female gametophyte development from the sporophytic level. As shown for AtMDNJ,
AtNLE was constitutively expressed throughout the plant with highest expression
levels in tissues contaïning actively dividing celis. Moreover, several of the generated
AtNLE-RNAi limes produced si]iques with 100% ovule abortion levels, indicating that
the semisterility defect could flot solely be caused by AtNLE-RNAi expression in the
female gametophyte. Since no morphological defects were observed in the
sporophytic structures of the ovules, the sporophytic effect of the AtNLE-RNAi is
likely here flot physical. One possible explanation for the sporophytic contribution to
the female gametogenesis defect induced by AtNLE-RNAi is that normal AtNLE
activity in ovule sporophytic tissues, such as in the megaspore mother cdl, could be
required for female gametophyte development. Another possibility would be that
products generated by RNA interference from double-stranded AtNLE transciipt
accumulation in the sporophytic celis could cause post-transcriptional gene silencing
in the megaspore and the developing female gametophyte, as tvas suggested
previously (Acosta-Garcia and Vielle-Calzada 2004). RNA interference products
could either be transmitted during meiosis of the megaspore mother cell or be
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transportcd throuh plasmodesmata to the functional megaspore. The presence of
plasmodesmata connecting the ftinctional megaspore and the adjacent sporophytic
nucellar celis creates an active communication bridge between these structures (Bajon
et al. 1999). Variability in ovule abortion levels associated to the diCferent defective
tltNLE-RNAi unes could be caused by variability in the penetrance of RNÀ
interference in each line. Dcciphenng more precisely the functional contribution of
gamctophytic versus sporophytic AtNLE activity in female gamerogenesis will
required the use of specific prornoters to drive the expression of the rtNLE-RiVAi lïne
in the female gametophyte.
As mentioned above, the defects in female gametogenesis produced in
hetei-ozygous iiidiil and AtNLE-Rf’L4i lines were different, being somehow more
severe in AtNLE-RNAi unes than in the mclii] mutant. This phenotypic difference can
be explained in several ways. Although NLE/Rsa4p and MDNI/REAI were involved
in the same cellular process in yeast, they do not accomplish the same function during
60S subunit hiogenesis and their respective function may not he equally essential. In
yeast, while NLE/RSA4 represents one of the tew trans-acting factors involved in ail
the maturation steps of the 60S ribosomal subunit, from early on in the nucleolus to
the final maturation steps in the cytoplasm (Nissan et al. 2002), MDNI/REAI is only
involved in late nucleoplasmic pre-60S complexes that are close to their export to the
cytoplasm (Galani et aÏ. 2004). Another explanation could be that the function of
NLE/Rsa4p andlor MDN1/REAI may not be restricted to 60S subunït biogenesis, as
was dctermined for other 60S trans-acting factors (Tschochner and Hurt 2003). In
animals, the NLE gene was shown to be involved in the regulation of the Notch
receptor activity (Royet et al. 1998; Cormier et al. 2006). The phenotypic difference
could also be attributable to the different nattire of the transformed unes studied. The
developmcntal function of AtMDN] was analyzed through an heterozygous mutant
une in which the WT allele could compensate for the non-functionai mutant allele in
sporophytic diploid celis. Residcial AtMDN] activity provided by heterozygous
diploid megaspore mother ceil could therefore contribute to female gametophyte
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development. The function of tNLE was on the other hand analyzed through
transformation with a AtNLE RNÀ interference and. as discussed above, activity of
AtNLE-RNAi in sporophytic celis affected female gametophyte development.
The requirement of MDNJ and iVLE for normal female gametogenesis
progression is consistent with data obtained from yeast and plant. In yeast, both
MDNI/REAI and NLE/RSA4 are essential since mutations in these genes lead to ccli
lethality whiie depletion of both proteins causes a significant slow growth phenotype
(Galani et al. 2004; de la Cruz et al. 2005). Underexpression of ScNLE in Sotanunz
chacoense by RNA interference was previously shown to cause a pleiotropic
phenotype during plant sporophytic deveÏopment, the major defect heing the
production of smaller organs due to reduced cdl proliferation and celI enlargement
(Chantha et al. 2006). However, unlike the sporophytic phenotype generated in S.
chacoense ScNLE-RNA intefference unes, no sporophvtic defect was observed in
ArabicÏopsis AtNLE-RNAi lines. This discrepancy could be explained by RNA
interference showing different levels of effectiveness on the NLE gene in the
sporophytic tissues of these two plant species. While clear redLtction in ScNLE
transcript levels were detected in S. chacoense transformants (Chantha et al. 2006),
this was not the case for AtNLE transcripts in Arczbidopsis transformants. Another
explanation could be that Arabidopsis sporophytic development is more sensitive to
changes in AtNLE expression levels and could flot survive to an important reduction
in transcnpt leveis. These sporophytic deveÏopmentai defects altogether with female
gametogenesis defects suggest an essential function of both MDN] and NLE for
normal cellular progression.
To date, very few ribosomai trans-acting factors have been characterized for
their function during plant growth and deveiopment. Available genetic studies on a
few nbosomal trans-acting factors in plants how’cver point to their importance in
diverse aspect of female gametophyte development. For example, an insertional
mutation in the Arabictopsis orthoiog of yeast NoplO, a trans-acting factor involved in
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ribosomal RNA modirications during ribosomal biogenesis (Henras et al. 199$),
causes the production of female gametophyte with unfused polar nuclei (Pagnussat et
al. 2005). An insertional mutation in SWA], encoding a trans-acting factor involved
40S ribosornal subunit biogenesis, causes a delay of female gametogenesis (Shi et al.
2t)05). Oitr data indicate that AtMDN] and AtNLE, encoding orthologs of yeast 605
rihosomal subunit trans-acting factors, are also essential for the normal progression of
female gametogenesis in Arabiclopsis.
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Table 4-1. Transmission efficieney (TE) of the nidul allele
Parental genotypes Genotype off1 plants TE’5
female x male MDN]/mc/n] MDNJiMDNJ nidu )/nidn 1
40 96 O -
16 154 - 10.4
38 57 - 667-
MDNI/iiidnI X MDN]/n,dn]
il’IDNI/,,ulu J X MDNI/MDNJ
tWDNJ/A’IDNJ X MDN]/,,idn]
Sceds From each cross were collectcd and gcrminated. These FI plants were then tested for mdnl allele
transmission hy PCR using a comhination of gcnc-spccific and T-DNA cli border spcclhc pnmers as
dcscrihed in methods.
ÏTE = (Numher oC mutant plants/numher ni vild—type plants) x l0O’. through temale or male
— garnetes.
Table 1-2. Stages of female gametophyte or embryo development in MDN]/n,dn] pistils
Floral Pistil Female gametophyte stages Embryo stages Total
stage no. EG1 FG2 FG3 fG4 F05 F06 f07 4-cell 8-celi no.
Anthesis Al 2 3 2 4 11
1 stage A2 3 6 1 4 5 19
13) À3 3 6 1 5 7 25
A4 1 4 5 5 7 6 28
3OHAf P1 3 2 1 5 11
P2 1 1 3 4 1 11 20
P3 1 1 3 5 3 $ 21
P4 t 1 1 4 7 4 9 27
Pistils from four diffèrent MDNI/mcln] plants were collected at the specified developmental stages and
cleared. Ovules were dissected and analyzed by DIC for female gametophyte developemental stage
determination.
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Table 3-3. Stages of female garnetophyte development in AtNLE-RNi pistils at flower anthesis (A) and
after pollination (P)
Line Pistil Female gametophyte stages
flfl* Deg. EGO FGI FG2 fG3 F04 FG5 F06 FG7 F08 Total
WT Al 2 9 4 3 18
A2 1 1 3 14 2 1 22
iNIe3 Al 13 9 3 5 3 33
A2 1 16 2 11 1 34
iNlc26 Al 11 1 3 4 1 4 2 26
A2 2 5 17 7 2 3 36
A3 2 21 2 5 1 31
\VT P1 1 7 5 23 10 46
P2 1 12 6 19
P3 1 5 5 24 8 43
iNle3 P1 2 6 1 2 1 6 5 23
P2 11 17
P3 8 11 1 1 18 39
iNlc26 PI 7 $ 1 1 3 1 21
P2 5 19 3 3 2 9 41
P3 4 4 11 2 2 2 6 2 33
Pistils were eoilected at the specified developmental stages and cleared.
Ovules were dissected and analyzed by DIC for tèmale cametophyte developernental stage determination.
A. reFcrs to pistils collected al flower anthesis and; P. refers to the second pollinated pistil produced
belote the liower at anthesis stage.
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Figure 4-1. Genomic structure of AtMDN1, protein organization and sequence alignment
ofMDNÏ orthologs. (A) Genomic organization of the AtMDNI gene and position ofthe T
DNA insertion. Exons are shown as black boxes and introns are represented by gray fines.
The T-DNA is inserted in exon 27, resulting in the interruption of the AAA-domain. (B)
Schematic diagrams of MDN1 protein orthologs. The AAA-domain and the MIDAS
dornain are represented by dark gray and light gray boxes respectively. Sequence identities
and similarities (brackets) between the AAA-domain and the MIDAS-domain of
Arabidopsis MDN 1 and orthologs (Saccharnmyces cerevisiae, Homo sapiens, SoÏanum
chacoense) are indicated above the corresponding boxes. (C) Amino acid sequence
alignment of selected AAA1 and AAA3 promoters of the AAA-domain of MDNI
orthologs. Conserved motifs that characterize members of AAA ATPase family are shown
above the alignement. Consensus sequences are indicated under the alignment. Critical
residues involved in ATP sensing, binding and hydrolysis are identified by arrowheads.
Colors indicating level of consensus apply to sequence conservation for a single AAA
promoter and not to comparison between different AAA promoters. (D) Amino acid
sequence alignment of the MIDAS-domain of MDN 1 orthologs. Sequence motifs are
underlined and consensus sequences are indicated under the alignment. In (C) and (D),
sequence identity is highlighted in dark gray and similarity in light gray, dashes indicate
gaps introduced to maximize homology, h indicates hydrophobic residues, x represents any
residues.
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Figure 4-2. Semisterility in !vfDNl/mdn] mutant. (A, B) Cleared pollinated pistils around
30 hours after flowering. (A) WT pistil showing full seed set. (B) lvfDNI/mdnJ pistil. The
asterisks indicate the aborted ovules. About haif of the siblings develop into seeds. (C)
Mature PvfDN]/mdnl silique. The asterisks show small and white aborted ovules. (D)
Frequency of ovule abortion in MDNJ/mdn] mutant. Mature siliques obtained from crosses
were opened and scored for the ovule abortion phenotype and mature seed production.
C D Frequency of ovule aborton n mdnl mutant
female X male Normal Aborted Frequency
+1+ X +/+ 1491 80 5 1 %
mdnf/+Xmdnl/+ 711 817 53,5%
mdnh/+X+/+ 188 220 539%
+/+ X mdnl/+ 429 25 5 5 %
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Fïgure 4-3. female gametophyte and pollen grain deveÏopment in /vIDA1/n,dn] flowers at
anthesis revealed by differential interference contrast (DIC) microscopy on cleared whole
mount preparations. (A) A female gametophyte at seven-celled stage fG6. Two synergid
nuclei (SYN), an egg ceil nucleus (EN), a prorninent secondaiy endosperm nucleus (SEN),
and three antipodal nuclei (AN) represent the seven ceils forming the ernbryo sac at this
stage. The central vacuole (V) and the srnatler vacuoles (y) of the synergids are visible. (B)
A female garnetophyte at four-celled stage FG7. The antipodal celts have degenerated
compared to stage fG6 (A). (C) A female gametophyte at stage FG3. A chalazal nucleus
(CN) and micropylar nucleus (MN) are separated by a large central vacuole (V). A srnaller
vacuole (y) is present at the chalazal pole. (D) A female garnetophyte at late stage fG4.
Two chalazal nuclei (CN) and two micropylar nuclei (MN) are separated by a large central
vacuole (V). A smaller vacuole (y) separates the two chalazal nuclei. (E) A fernale
gametophyte at stage FG5. Three antipodal nuclei (AN) are at the chalazal pole while two
synergid nuclei (SYN) and an egg ccli nucleus are at the micropylar pole. The chalazal
polar nucleus (CPN) and the micropylar polar nucleus (MPN) are migrating toward each
other. (F) Pollen grains of a j1vfDNI/mdnl anther. In all panels, female gametophytes are
orientated with the micropylar pole left and the chalazal pole right. Bars = 10 tm.
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Figure 4-4. Female gametophyte development MDN]/mdnl pistils 30 hours after
flowering revealed by differential interference contrast (DIC) microscopy of cleared
whole-mount preparations. (A) A female gametophyte at stage FG3. A chalazal nucleus
(CN) and micropylar nucleus (MN) are separated by a large central vacuole (V). A smaller
vacuole (y) is present at the chalazal pole. (B) A female gametophyte at early stage FG5.
Three antipodal nuclei (AN) are at the chalazal pole while two synergid nuclei (SYN) and
an egg celi nucleus (EN) are at the micropylar pole. The chalazal polar nucleus (CPN) and
the micropylar polar nucleus (MPN) are migrating toward each other. (C) A female
gametophyte at early seven-celied stage fG6. Recent fusion of the polar nuclei gives the
secondary endosperm nucleus (SEN) an elongated shape. (D) A female gametophyte at
four-celled stage FG7. (E) WT seed containing an embiyo at octant stage. In ail panels,
femaie gametophytes are orientated with the micropylar pole on the Ieft and the chalazal
pole on the right. Bars = 10 tm.
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Figure 4-5. AtNLE-RNAi construct and ovule abortion levels and female gametophyte
developmental defects in AtNLE-RNA1 pistils at anthesis. (A) Schematic diagram of the
AtNLE RNA interference construct used to generate post-transcritional gene silencing in
transformed Arabidopsis unes. (B) Levels of ovule abortion observed in AtNLE-RI’/Ai
primary transformant unes. (C) Female gametophyte at stage fGI from a AtNLEi-3 pistil.
FM, functional megaspore; DM, degenerated megaspores. (D) Female gametophyte at
stage FGO from a AtNLE1-26 pistil. FM, fttnctional megaspore; SM, sister megaspore
during degeneration process. (E) Degenerated embryo sac from a AtNLE1-26 pistil.
Nos teri CaMV 35S 4E*ens J Int. HD2I AtNLEanPsens INos terH_J LB
Ovule abortion in AtNLE-RNA1 mes
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Figure 4-6. AtMDNI and AtNLE expression profiles in different plant organs and tissues as
generated by the GeneAtlas tool of the GENEVESTIGATOR Arabidopsis microarray
database. Signal intensity values are indicated on the lefi.
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CHAPITRE V:
DISCUSSION GÉNÉRALE
5.1. Le gène iVOTCHLESS code pour une protéine à WD-repeat évolutïvement
conservée chez tes eucaryotes
Les protéines à WD-repcat (WDR) forment une grande famille de protéines
presqu’exclusivement eucaryotiques (Neer et al. 1994: Smith et al. 1999). Dans le
génome d’Arcibidopsis, 237 protéines à WDR ont été répertoriées et classées par
analyse de séquence en 143 sous-familles, desquelles une majorité présente une
homologie évidente avec des protéines de la levure, de la drosophile et/ou de
l’humain (van Nocker and Ludwig 2003). Cette conservation évolutive à travers les
eucaryotes suggère que plusieurs protéines à WDR sont des composantes de la
machinerie cellulaire commune aux champignons, aux animaux et aux végétaux
(Smith et al. 1999: van Nocker and Ludwig 2003). Des protéines à WDR ont été
identifiées dans une gamme étendue de processus cellulaires, comprenant entre autres
exemples la transduction de signal, la dégradation des protéines, la modification de la
chromatine, la transcription des gènes et la modification des ARN ribosomaux et
messagers (Smith et al. t999; van Nocker and Ludwig 2003).
En contraste à cette grande diversité fonctionnelle, les protéines à WDR sont
unifiées par un module commun qui est le motif WD-repeat (WDR), aussi connu sous
les noms de f3-transducin repeat, WD-40 repeat et GH-WD repeat (Neer et al. 1994).
Le motif WDR se défini comme étant une séquence de 44 à 66 acides aminés (aa)
caractérisée par la présence habitLlelle d’un dipeptide GH (glycine-histïdine) à
environ 20 aa de l’extrémité N-terminale et d’un dipeptide WD (tryptophane
aspartate) à l’extrémité C-terminale. Cette unité WDR est répétée en tandem de
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qclatre (4) à seize (16) fois à l’intériecir d’une protéine et l’ensemble des unités WDR
(le domaine WDR) adopte une structure en forme d’hélice, dans laquelle le nombre
de pales reflète le nombre d’unités WDR (Wall et al. 1995; Lamhright et al. 1996;
Sondek et al. 1996). Cette structure servirait de plateforme rigide pour la formation de
complexes protéiques, soit pour la coordination d’interactions réversibles avec
plusieurs ensembles de protéines ou en tant que composante intégrale de complexes
protéiques plus stables (Smith et al. 1999; van Nocker and Ludwig 2003). Bien que
certaines protéines à WDR sont constituées exclusivement d’unités WDR, la majorité
possèdent cependant des extensions N-terminale et/ou C-terminale rattachées au
domaine WDR et/ou une insertion dans la domaine WDR, conférant une spécificité
fonctionnelle à la protéine (Neer et al. 1994; Smith et al. 1999).
Chez les végétaux, les protéines à WDR jusqu’à présent caractérisées ont été
impliquées dans plusieurs aspects du cycle de développement de la plante. Ces
processus de développement inclus par exemple la photomorphogénèse (COPJ,
(Osterlund et al. 1999)), la régulation de la voie de l’auxine (AGB], (Uliah et aï.
2003)), le développement floral (LUG, (Conner and Liu 2000)), le développement des
gamétophytes (8W4], (Shi et al. 2005). et l’initiation du développement de l’albumen
de la graine (FIE, MSI] (Chaudhury et al. 1997; Ohad et al. 1999; Kohler et al.
2003a)). Cependant, les fonctions de la majorité des membres de la famille des
protéines à WDR sont encore inconnues. NOTCHLESS (NLE) représente un exemple
d’une protéine à WDR dont la fonction cellulaire était jusqu’à présent mai comprise et
dont le rôle lors du développement de la plante était inconnu. Il a été déterminé dans
cette présente étude que le gène NLE existe en une seule copie dans les génomes de
Sotctnitni cÏiacoense (fig. 2-lB, p.60), et d’Arabidopsis tÏzatiana. La protéine NLE
représente de plus le seul membre de sa sous-famille (van Nocker and Ludwig 2003),
étant composée d’un domaine WDR à huit unités WDR et d’une extension N
terminale, nommée domaine Notchless (Nie) et de fonction inconnue (fig. 2-lA, p60)
(Royet et al. 1998). Les séquences en acide aminé des homologues de NLE identifiés
chez diverses espèces tant fongiques qu’animales et végétales sont hautement
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conservées (fig. 2-tA, p.6O) (Royet et aI. 1998). 11 a été de plus démontré dans cette
étude qu’une surexpression du gène NLE de Sotctnum chacoense (ScNLE) ou de
Dro.vophilct melanogaster (DmNLE) dans la drosophile affectent de façon similaire la
formation des poils sensoriels sur le thorax (fig. 2-1C, p.6O), indiquant que les
protéines ScNLE et DmNLE fonctionnent de façon similaire. Ainsi, la conservation
évolutive de NLE chez plusieurs espèces eucaryotes de plus qu’un fonctionnement
analogue des protéines ScNLE et DmNLE suggèrent une conservation de la f’onction
moléculaire de la protéine NLE chez les eucarvotes.
5.2. NOTCHLESS et la biogenèse de la sous-unité ribosomale 60S
L’homologue de NLE chez la levure, connu sous les noms de YCRO72cp et
RSA4cp, a été identifiée récemment comme étant une protéine non-rihosomale
impliquée dans la biogenèse de la sous-unité 60S du ribosome (Bassier et al. 2001;
Nissan et al. 2002; Saveanu et al. 2003; Nissan et al. 2004; de la Cruz et al. 2005). Le
ribosome, qui représente la machinerie de traduction des ARNm en protéines, est
assemblé à partir des sous-unités ribosomales 40S et 60S lors de l’initiation de la
traduction et est composé au total de plus de 70 protéines ribosomales et de quatre
différents types d’ARN ribosomaux (ARNr) (Fatica and Tollervey 2002; Fromont
Racine et al. 2003; Tschochner and Hurt 2003). La biogenèse des sous-unités
ribosomales a été en majeure partie caractérisée chez la levure Saccharomvces
cerevisiae et est un processus hautement coordonné qui débute dans le nucléole,
évolue à travers le nucléoplasme et les pores de l’enveloppe nucléaire pour finalement
se terminer dans le cytoplasme. Tout au long de cette progression, une multitude de
complexes nboprotéiques intermédiaires, dont la composition en protéines
ribosomales et en espèces d’ARNr évolue, sont successivement générés. Pour la
biogenèse de la sous-unité nbosomale 605 particulièrement, plus de 70 protéines non
ribosomales sont requises pour orchestrer la maturation des ARNr à partir de leurs
précurseurs, leur assemblage aux protéines nbosomales ainsi que le transport
intracellulaire des complexes pré-60S. Certains de ces facteurs possèdent une activité
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enzymaticjue connue, tel cjue des endonucléases et exoribonucléases, des ARN
hélicases et des méthylases, mais la fonction précise de la plupart des protéines non
ribosomales dans de ce processus cellulaire est toujours indéterminée (Fromont
Racine et al. 2003). La purification biochimique de quelques complexes pré-60S a
cependant permis d’établir l’ordre d’association des protéines non-ribosomaies aux
complexes pré-60S ainsi que l’aspect souvent transitoire de leur association (Bassier
et al. 2001; Harnpicharnchai et al. 2001: Saveanu et al. 2001; Fatica et al. 2002;
Nissan et al. 2002; Saveanu et al. 2003).
Dans cette présente étude, l’utilisation de deux systèmes de double-hybride de
la levure (veast two-Ïibrid systeni), le système nucléaire GAL4 et le système
cytoplasmique Sos Recruitment, a permis d’associer NLE à la biogenèse de la sous-
unité 605 du rihosome chez les végétaux également. Les recherches de candidats
effectués avec le domaine Nie ou le domaine WDR séparément, ou encore la protéine
ScNLE entière, ont mené à l’isolement d’homologues des protéines MIDASINI
(MDNI, REA1 ou YLRIO6p) et Nop Seven Associated 2 (NSA2 ou YERI26p) de la
levure (fig. 3-5, p.107). Tout comme NLE/RSA4p, MDN1 (Bassier et al. 2001:
Nissan et ai. 2002; Nissan et ai. 2004) et NSA2 (Hampichamchai et al. 2001; Fatica
et al. 2002) sont des protéines non-ribosomales qui participent à la biogenèse de la
sous-unité nbosomale 60S chez la levure et concordent ainsi vers une fonction
cellulaire commune. La pertinence des interactions entre ces protéines est de plus
supportée par le fait que NLE/RSA4p ait été identifiée à plusieurs reprises dans les
mêmes complexes protéiques que NSA2 (Nissan et al. 2002; Saveanu et al. 2003)
et/ou MDNI/REAIp (Bassler et al. 2001: Nissan et al. 2002; Nissan et al. 2004) par
purification d’affinité en tandem (tandem affiuzitv purification) chez la levure. La
conservation de la majorité des composantes de la voie de synthèse des ribosomes,
incluant NLE/RSA4p (fig. 2-lA, p.6O), MDNÏ (fig. 4-lB, C, p.146) et NSA2, chez
les eucaryotes indique par ailleurs que le mécanisme d’assemblage du ribosome soit
évolutivement conservé chez les animaux, les végétaux et la levure (Fatica and
Tollervey 2002; Tschochner and Hurt 2003). Les gènes NLE et MDN] montrent de
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plus des prot’ils d’expression très similaires dans les organes de S. chacoense (fig. 2-2.
p.62: 3-6, p.!O$) et d’ArabicÏopsis (fig. 4-6. p.152).
La purification par affinité utilisée chez la levure afin d’isoler des complexes
pré-60S a permis dc définir leur composition sans toutefois établir des intet-actions
directes entre chacune de ses composantes. Une interaction possiblement directe entre
ScNLE et ScMDNI a été définie dans cette étude, notamment par l’utilisation d’un
système de double-hybride cytoplasmique (Sos Recruitment). Dans ce système, les
interactions protéiques se produisent à l’extérieur du noyau et donc à l’écart de la
majorité des protéines non-ribosomales endogènes de la levure, limitant ainsi lecir
intervention possible dans l’interaction ScNLE-ScN 1. Cette interaction
impliquerait le domaine Nie de ScNLE (fig. 3-58, p.10?). alors que le domaine WDR
de ScNLE semble pour sa part interagir avec ScNSA2. Puisque ScMDNI représente
la principale protéine à avoir été isolée dans les deux systèmes de double-hybride
utilisés, celle-ci a fait l’objet d’une caractérisation plus approfondie dans cette étude.
D’une longueur de 4910 aa et avec un poids moléculaire de 560 kDa, MDNI
représente la plus grosse protéine du génome de la levure (Garbarino and Gibbons
2002). MDNI comprend principalement un domaine ATPase dans sa région N-
terminale, qui est lié par un long domaine intermédiaire au domaine MIDAS
(domaine-M) en C-terminal (fig. 4-1, p.146). Le domaine-M contient un motif de
liaison à un ion métallique nommé MIDAS (metal ion-dependent adhesion site),
essentiel à l’établissement d’une interaction protéine-protéine (Whittaker and Hynes
2002). Le domaine MIDAS de ScN’[DNI serait par ailleurs impliqué dans l’interaction
avec le domaine NIe de ScNLE (fig. 3-5C, p.10?). Malgré la présence de domaines de
type MDAS dans plusieurs protéines végétales (Liu et al. 2005), ScvIDNl
représente le seul candidat possédant un tel motif à avoir été isolé par double-hybride,
supportant une fois de plus la pertinence de l’interaction ScNLE-ScMDNI.
Chez la levure, MDNI a été identifié principalement dans les complexes pré
60S nucléoplasmiques tardifs et pourrait jouer un rôle dans leur exportation à travers
164
les pores de l’enveloppe nucléaire (Bassier et al. 2001; Nissan et al. 2002; Galani et
al. 2004; Nissan et al. 2004). NLE/RSA4p a pour sa part été identifié dans tous les
complexes pré-60S nucléolaires, nucléoplasmiques et cytoplasmiques purifiés chez la
levure (Bassier et aI. 2001; Nissan et al. 2002; Saveanu et al. 2003). En accord avec
de tels résultats, la protéine chimérique ScNLE-GFP montre une localisation
nucléaire et cytoplasmique dans les cellules végétales (fig. 3-7, p.109). De part la
nature structurale de NLE en tant que protéine à WDR, il a été proposé que
NLE/RSA4p servirait de plateforme stable pour l’interaction d’autres protéines non
ribosomales impliquées dans la maturation et l’assemblage de la sous-unité 605. à
partir des étapes précoces dans le nucléole jLlsqu’à sa dissociation finale dans le
cytoplasme (de la Cruz et al. 2005). Basé sur les résultats obtenus ici par double-
hybride et considérant la conservation évolutive du processus de biogenèse des
rihosomes, NSA2 et MDNI pourraient représenter de telles protéines non
rihosomales se liant de façon transitoire aux complexes pré-605 par l’intermédiaire de
NLE/RSA4p afin d’accomplir leur fonction spécifique.
5.3. Fonction du gène iVOTCHLESS lors du développement gamétophytique et
sporophytique
Afin d’étudier les fonctions du gène NLE lors du développement végétal, des
lignées transformées ont été générées avec des constructions permettant l’expression
constitutive soit de ScNLE dans l’orientation antisens soit d’un fragment de ScNLE ou
AtNLE (fig. 4-5A, p.151) dans les orientations sens et antisens. Les mécanismes
d’interférence d’ARN induits par la présence de molécules d’ARN double-brin issues
de l’expression de telles constructions provoquent un si lençage post-transcriptionnel
de l’activité du gène ciblé chez les lignées transformées (Waterhouse et al. 1998;
Chuang and Meyerowitz 2000; Smith et al. 2000). Ces lignées ont été générées avec
Solanuni chacoense ainsi qu’avec ta plante modèle Arabidopsis thaliana. chez qui les
stades du développement reproductif ont été bien caractérisés et pour qui plusieurs
outils et données sur des lignées mutantes sont disponibles, facilitant ainsi l’analyse et
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la comparaison des phénotypes obtenus. Des analyses combinées des profils
d’expression et des phénotypes générés par interférence d’ARN dans les lignées
transformées ont mis en évidence l’importance du gène NLE dans les stades de
développement gamétophytique et sporophytique de la plante. Les sections suivantes
discutent des principales facettes du développement touchées par l’induction de
l’interférence d’ARN ciblant l’activité du gène NLE chez S. cliacoense et Ambidopsis
et soulevées dans de cette étude.
5.3.1. Rôle du gène NLE lors du développement sporophytique
Une sous-expression de ScNLE dans les lignées transformées de S. cliacoense
résulte en la production d’une multitude d’effets lors de la phase de développement
sprorophytique, le plus remarquable étant une réduction dans la taille des organes
aériens (fig. 3-2, p.104). Chez les végétaux, la taille finale d’un organe est déterminée
par sa composition en nombre de cellules (prolifération cellulaire) et en taille de ces
cellules (expansion cellulaire) (Mizukami 2001). Des mesures effectuées sur les
cellules épidermales de la face adaxiale des feuilles ont ici révélé que la réduction en
taille des organes des lignées sous-exprimant ScNLE est une conséquence de la
réduction en nombre et en taille des cellules (fig. 3-3, p.105). La réduction en nombre
de cellules semble apparaître à des stades très précoces du développement des
feuilles, possiblement au stade de recrutement des cellules du ménstème apical de la
tige aux pnmordia d’organes, puisque les lignées sous-exprimant ScNLE produisent
des méristèmes apicaux de plus petite taille mais contenant des cellules de taille
équivalente au type sauvage (fig. 3-2F, p. 104). Également, les réductions en nombre
de cellules sont détectées à des jeunes stades du développement des feuilles, alors que
les tailles des cellules épidermales des lignées sous-exprimant ScNLE sont similaires
à celles du type sauvage (fig. 3-3, p.lO5). En somme, ces observations suggèrent que
ScNLE joue un rôle important pour la croissance et la division cellulaires.
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Des phénotypes sporophytiques additionnels découlant possiblement de
défectuosités dans la croissance cellulaire ont de plus été observés dans les lignées
sous-exprimant SeNLE. Par exemple, des réductions du nombre de structures
composants certains organes, tels que le nombre de folioles formés par feuille et le
nombre de pétales par fleur, ainsi qu’une perte de tissu dans certains organes, tels que
les pétales et la tige (fig. 3-2C-E, p.104), pourraient être causées par un nombre réduit
de celiLties dans les primordia d’organes. Une augmentation de l’index stomatal, c’est-
à-dire du nombre de stomates formés par nombre total de celltiles épidermales.
observée à la surface adaxiale des feuilles des lignées sous-exprimant ScNLE (fig. 3-
4. p.l06). pourrait être due à une réduction du nombre de cellules épidermales
produites par les méristémoïdes.
Un rôle de NLE dans la croissance ceLlulaire est appuyé par le profil
d’expression de ScNLE. L’expression de ScNLE a été localisée dans des tissus de
l’apex de la tige contenant des cellules en division active, tels que les méristèmes
apicaux et axillaires, les méristèmes floraux, les primordia d’organes ainsi que le
procambium (fig. 2-2C, p.62; 3-1, p.103). L’activité de ScNLE a de plus été associée
aux stades de la fécondation et d’initiation du développement de la graine chez S.
chacoense, ses niveaux d’expression augmentant considérablement dans les ovules et
les ovaires autour de 36 à 42 heures après itne pollinisation compatible (fig. 2-2A, B,
p.62). Cette augmentation n’est cependant que transitoire, les niveaux d’expression de
ScNLE redescendant à des niveaux plus faibles quelques heures suivant
l’augmentation initiale (fig. 2-2A, B, p.62). Dans les ovaires 48 heures suivant une
pollinisation compatible, qui correspond à l’expression maximale du gène, ScNLE a
été principalement localisée dans le placenta, les tissus vasculaires, lendothelium de
l’ovule ainsi que dans le zygote (fig. 2-3. p.63). Il est intéressant de noter que, de
façon similaire à ScNLE, plusieurs gènes pour qui l’expression a été rapportée dans
divers tissus de l’ovule et de l’ovaire sont également exprimés dans le ménstème
apical de la tige (Bowman et al. 1991: Lu et al. 1996; Porat et al. 199$), illustrant le
caractère en quelque sorte méristématique des cellules de l’ovaire.
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L’expression de ScNLE induite par la fécondation s’accorde également avec un
rôle dans la croissance cellulaire, puisqu’une période de division cellulaire intensive
caractérise le premier stade de développement du fruit suite à la fécondation (Gillaspy
et al. 1993; Tanksley 2004). Les taux élevés d’avortement de graines observés dans
les lignées sous-exprimants ScNLE (fig. 2-7E-G, p.67) pourrait résulter d’une
mauvaise coordination de la croissance des différents tissus - albctmen triploïde,
embryon diploïde, tégument de l’ovule - qui sont de constitution génétique différente
et poulTaient présenter des niveaux différents de pénétrance du mécanisme
d’interférence d’ARN.
Finalement, chez la levure, NLE/RSA4p et MDNI sont essentielles à la stirvie
et à la croissance des cellules puisque des mutations dans les gènes correspondant
sont létales (Gavin et al. 2002) et leur déplétion entraîne un ralentissement significatif
de la croissance cellulaire (Galani et al. 2004; de la Cruz et al. 2005). Considérant que
la synthèse des ribosomes est rapidement induite et est très élevée dans les cellules en
division (Stefanovsky et al. 2001; Tschochner and Hurt 2003), l’expression de ScNLE
dans les cellules en division concorde avec une implication de ScNLE dans la
biogenèse de la sous-unité ribosomale 60S.
Contrairement aux lignées de S. cÏzacoense sous-expnmants ScNLE, aucune
des lignées transformées AtNLE-RNAi d’Arabidopsis générées ne montre de
défectuosités reliés au développement sporophytique. Cette absence de phénotype est
surprenante puisque que AtNLE est exprimé de façon constitutive dans tous les
organes de la plante (fig. 4-6, p.I52). De plus, bien que constitutive, l’expression de
AtNLE est plus abondante dans des tissus ou organes comprenant des populations de
cellules en division. Cependant, alors que des diminutions significatives dans les
niveaux de transcrits de SeNLE ont été détectées dans les lignées sous-expnmantes de
S. chacoense (fig. 2-7B, p.67), aucune diminution évidente des niveaux de transcrits
de AtNLE n’a été détectée dans les lignées AtNLE-RNAi. La divergence entre les
(6$
données obtenues chez S. chacoense et ArabïcÏopsis pourrait ainsi être expliquée par
des différences d’efficacité du mécanisme d’interférence d’ARN sur le gène NLE dans
les tissus sporophytiques de ces deux espèces (Kerschen et al. 2004). Une explication
alternative serait que le stade de développement sporophytique chez Arabidopsis est
plus sensible aux variations des niveaux d’expression du gène NLE et pourrait ne pas
survivre à une réduction perceptible des niveaux de transcrit de AtNLE, empêchant
ainsi la génération de lignées transgéniques sous-exprimants AtNLE. Dans un tel cas,
l’utilisation d’un promoteur inductible pour conduire l’expression de la construction
d’interférence AtNLE-RNAi pourrait êtte utilisée pour afin de déterminer le rôle de
ÀtNLE lors du stade de développement sporophytique chez Arabidopsis.
5.3.2. Rôle du gène NLE lors du développement gamétophytique
En plus de contribuer au développement sporophytique dc la plante, il a été
démontré dans cette étude que la fonction du gène AILE semble être sollicitée
également lors du développement du gamétophyte femelle. L’interférence d’ARN
ciblant l’activité du gène AILE chez S. chacoense et Arczbidopsis résulte en la
production d’un phénotype commun, soit la formation de fruits de plus petite taille
montrant des taux considérables d’avortement d’ovules (fig. 2-7E-G, p.67; fig. 4-5,
p151). Les ovules avortés restent petits et blanchâtres comparativement aux plus
grosses structures que forment les graines dans les fruits en développement. Chez
Arabictopsis, 75 % des lignées transgéniques primaires AtNLE-RNAi montrent ce
phénotype de semistérilité, avec des niveaux d’avortement d’ovules caractéristiques à
chacune des lignées (fig. 4-5, p.l5l). Des croisements réciproques avec des plants de
type sauvage ont révélé que cette défectuosité est reliée aux structures reproductives
femelles. Dans les ovules des lignées AtNLE-RNAi analysées, des gamétophytes
femelles en proportions équivalentes aux taux d’ovules avortés étaient soit dégénérés
ou bien arrêtés à divers stades précoces de développement, incluant des stades aussi
précoces que pendant la formation des mégaspores (FGO) et avec une prédominance
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au stade de gamétogenêse à un noyau (fGI) (tableau 4-3, p.i45: fig. 4-5C, p.151).
Les sacs embryonnaires immatures ne pouvant être fécondés, ceux-ci dégénèrent
éventuellement et entraînent l’avortement des ovules. Un arrêt du développement des
gamétophytes femelles pourrait également être la cause de l’avortement des ovules
observé dans les lignées sous-exprimantes de S. chacoense. Ainsi, une activité
normale du gène AtNLE semble essentielle à la progression du développement du
gamétophyte femelle à pat-tir de stades aussi précoces que lors de la formation des
mégaspores -
Plusieurs observations suggèrent que l’expression de AtNLE-RNAi affecte le
développement du gamétophyte femelle au moins au niveau sporophytique. D’abord,
tel que mentionné précédemment, AtNLE est exprimé de façon constitutive dans tous
les organes de la plante, avec une plus grande abondance dans les tissus ou organes
comprenant des populations de cellules en division (fig. 4-6, p.l52). De plus, les
siliques produites par quelques lignées AtNLE-RiVAi montrent des niveaux
d’avortement de 100%, indiquant que le phénotype de semistérilité ne peut être causé
uniquement par une expression gamétophytique de AtNLE-RNAi. Puisqu’aucune
défectuosité dans les structures sporophytiques de l’ovule n’a été observée, l’effet
sporophytique de AtNLE-RNAi sur le développement des gamétophytes femelles ne
semble pas être de nature physique. Une explication alternative de la contribution
sporophytique de AtNLE-RNAi serait qu’une activité normale du gène AtNLE dans les
tissus sporophytiques de l’ovule, tels que la cellule-mère des mégaspores ou les
cellules du nucelle, pourrait être nécessaire au développement du gamétophyte
femelle. Une autre possibilité serait que les produits d’interférence d’ARN provenant
des transcrits d’ARN double-brin dans la cellule-mère diploïde des mégaspores et/ou
les cellules sporophytiques adjacentes pourraient causer le silençage post
transcnptionnel de AtNLE dans le gamétophyte femelle en développement, tel que
suggéré précédemment (Acosta-Garcia and Vielle-Calzada 2004). Les produits
d’interférence d’ARN pourraient être transmis lors de la méiose de la cellule-mère des
mégaspores ou bien être transportés dans la mégaspore fonctionnelle via les
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plasmodesmes. La présence de plasmodesmes reliant la mégaspore fonctionnelle aux
cellules sporophytiques adjacentes suggère une communication active entre ces
structures (Baon et al. 1999). La variabilité dans les niveaux d’avortement associée
aux différentes lignées AtNLE-RNA1 pourrait être causée par de la variabilité dans la
pénétrance du mécanisme d’interférence d’ARN dans chacune des lignées.
Les défectuosités reliées à la mégagarnétogénèse dans les lignées AtNLE
RiVAI suggèrent fortement que le gène AtNLE soit exprimé dans le gamétophyte
femelle. La présence de AtNLE dans cette structure en développement serait en
accord avec un rôle dans la croissance cellulaire. Une analyse spatiale et temporelle
plus détaillée du gène AtNLE pendant les divers stades de développement de l’ovule
permettra d’éclaircir ce point. De plus, la contribution respective de l’activité de
AtNLE-RNAi des tissus sporophytiques versus gamétophytiques dans le
développement du gamétophyte femelle pourrait être définie par l’utilisation d’un
promoteur permettant de diriger spécifiquement l’expression de la construction
d’interférence d’ARN dans le gamétophyte temelle en développement.
5.4. Caracterisatïon fonctionnelle de AtMDNJ chez Arabidopsis
5.4.1. Rôle du gène AtMDNJ dans le développement de la plante
L’interaction identifiée entre ScNLE et ScJVIDNI par double-hybride (fig. 3-
5B, p.l07) ainsi que l’isolement des deux homologues de la levure dans les mêmes
complexes nbosomaux pré-60S (Nissan et al. 2002; Galani et al. 2004) suggèrent que
MDNI et NLE participent au même processus de développement chez les végétaux.
La caractérisation d’une lignée hétérozygote pour une mutation insertionnelle dans le
gène AtMDN], nommée mcm], a permis de démontrer son implication dans le
développement du gamétophyte femelle chez Arabidopsis.
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Les plantes hétérozygotes pour la mutation mdii] sont semistériles due à
l’avortement d’ovules (fig. 4-2A, p.148). Lors de croisements réciproques avec des
plants de type sauvage, il a été démontré que la transmission de l’allèle mdii] par
l’entremise du gamétophyte femelle est principalement affectée (tableau 4-1, p.144).
Les gamétophytes femelles portant la mutation mclii] présentent un développement
retardé comparativement à ceux poiÏant l’allèle de type sauvage (fig. 4-3. p. 149;
tableau 4-2, p. 144). Cependant, plusieurs des gamétophytes femelles mdii] peuvent se
développer en sac embryonnaire mature (fig. 4-4. p.150; tableau 4-2. p.144). Une
expérience de pollinisation retardée a également révélé qu’une proportion
significative de sacs embryonnaires mdiii sont fonctionnelles et peuvent être
fécondées, permettant ainsi la transmission de lallèle mdn] à la génération suivante à
travers les gamétophytes femelles (tableau 4-1, p.144). En somme, ces résultats
montrent que le gène AtMDN] est requis pour la progression normale du
développement du gamétophyte femelle, et non pour ses fonctions reproductives.
Plusieurs observations indiquent de plus que le gène AtMDN] participe à
d’autres aspects du développement de la plante. Les résultats des croissements
réciproques ont révélé que le développement du gamétophyte mâle est aussi affecté
par la mutation mdii], bien qu’à un degré moindre que le gamétophyte femelle
(tableau 4-I, p. 144). Cet effet moins prononcé sur le gamétophyte mâle pourrait être
expliqué par une redondance fonctionnelle du gène ou pourrait refléter le plus petit
nombre de divisions cellulaires impliqué dans le développement du gamétophyte
mâle, de sorte que la mutation serait en partie récupérée par l’activité résiduelle de
AtMDNI transmise par la cellule mère des microspore lors de la méiose. AtMDNJ
serait également essentiel au développement sporophytique de la plante,
puisqu’aucune plante homozygote pour mdiii n’a pu être récupérée des auto
croisements, malgré que l’allèle mdn] puisse être transmis partiellement par les
gamétophytes femelles et mâles. De plus, de façon similaire à AtNLE, le gène
AtMDN1 est exprimé de façon constitutive dans tous les organes de la plantes, avec
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ctne picis grande abondance dans les tissus ou organes contenant des cellules en
division (fig. 4-6, p.152).
5.4.2. Comparaïson des phénotypes avec les lignées AtNLE-RNA i
Bien que, par homologie fonctionnelle, AtNLE et AtMDNI interagiraient
ensemble et participeraient au même processus cellulaire, le développement des
gamétophytes femelles semble plus sévèrement touché dans les lignées AtNLE-RNÀi
que par la présence de la mutation mclii]. Plusieurs hypothèses peuvent être évoquées
pour expliquer ces différences phénotypiques. Considérant que AtMDNI et AtNLE
soient tous deux impliqués dans la biogenèse des ribosomes, ces protéines
n’accomplissent pas exactement les mêmes fonctions lors de ce processus et
pourraient ne pas être également essentielles. En effet, chez la levure, alors que
NLE/RSA4p est requis dans toutes les étapes de la biogenèse de la sous-unité 60S
(Nissan et al. 2002), MDNI est quant à lui requis tout juste avant l’exportation des
complexes pré-60S du noyau vers le cytoplasme (Galani et al. 2004). Une autre
possibilité serait que la fonction de AtNLE et/ou de AtMDNI ne soit pas restreinte à
la même et seule fonction cellulaire, tel qu’il a été déterminé pour quelques autres
protéines non-ribosomales de la levure (Tschochner and Hurt 2003). Par exemple, les
orthologues de NLE chez les animaux ont été impliqués dans la régulation de la voie
de signalisation Notch (Royet et al. 1998: Cormier et al. 2006). Finalement, les
différences phénotypiques pourraient être attribuables à la nature même des lignées
mutantes comparées. D’une part, la fonction de AtMDNJ a été définie à travers une
lignée hétérozygote pour la mutation mdiii, dans laquelle la fonction d’un allèle de
type sauvage peut compenser pour laHèle non-fonctionnel mdii] dans les tissus
diploïdes sporophytiques. Une activité résiduelle de AtMDN1 provenant de la
cellule-mère des mégaspores pourrait également influencer le développement du
gamétophyte femelle. D’autre part, la fonction de AtNLE a été analysée à travers le
mécanisme d’interférence et, tel que mentionné précédemment, l’activité de AtNLE
I ‘7 )
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RNA1 reliée aux cellules sporophytiques semble influencer le développement des
gamétophytes femelles. En somme, malgré les différences entre les phénotypes
causés par mUni et AtNLE-RNAi, il est possible de conclure que l’activité de ces decix
gènes est essentielle à la progression du développement dci gamétophyte femelle.
[I a été déterminé chez la levure que plus de 170 protéines non-rihosomales
participent à l’élaboration des petites et grosses sous-unités ribosomales (Fromont
Racine et al. 2003). Or. très peu d’homologues de ces protéines non-ribosomales ont
été caractérisées pour leur fonction dans le développement et la croissance des
végétaux. Les quelques données génétiques disponibles mettent cependant en
évidence leur importance dans divers aspect du développement du gamétophyte
femelle. Il est par exemple intéressant de soulever qcie le phénotype de retard dans le
développement du gamétophyte femelle causé par la mutation mUni est similaire à
celui obtenu avec une mutation insertionnelle dans le gène SLOW WALKER I
(SWA]) dArabidopsis, qcti code pour une protéine à WDR impliqué dans la
maturation des ARN ribosomaux (Shi et al. 2005). De plus, une mutation
insertionnelle dans l’homologue de NOP]O de la levure, codant aussi pour un facteur
impliqué dans la modification des ÀRNr ribosomaux (Henras et al. 1998). mène à la
formation de sac embryonnaire dont les noyacix polaires sont non-fusionnés
(Pagnussat et al. 2005).
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CHAPITRE VI:
CONCLUSION
Cette étude visant à définir la fonction cellulaire de ScNLE a permis
d’identifier ScMDNI comme partenaire d’interaction et, par homologie fonctionnelle
à la levure, d’associer ainsi NLE et MDNI à la biogenèse de la sous-unité ribosomale
60S chez les végétacix. Les défectuosités dans la croissance cellulaire, observées par
interférence d’ARN ciblant NLE ou par la mutation mdii] chez S. chacoense et/ou
Arcihiclopsis, concordent avec les données obtenues chez la levure. Un ralentissement
de la croissance cellulaire suite à une déplétion des protéines NLE/RSA4p et MDNI
chez ta levure provient de défectuosités dans la maturation des précurseurs des ARN
ribosomaux et d’une réduction des niveaux de sous-unités 60S matures (Gatani et al.
2004: de la Cruz et al. 2005). Ainsi, l’attribution d’un rôle définitif de NLE et MDN t
dans la biogenèse des ribosomes chez les végétaux pourrait être obtenue par l’analyse
des espèces d’ARN ribosomaux et des niveaux de sous-unités 60S générés suite au
déclenchement d’un système d’expression inductible des mécanismes d’interférence
d’ARN visant NLE ou MDNJ.
Il a de plus été déterminé dans cette étude que les gènes NLE et MDN]
semblent essentiels à la progression du développement du gamétophyte femelle et
également à plusieurs aspects du développement sporophytique. La contribution
fonctionnelle des gènes NLE et MDN] respectivement à chacun de ces aspects du
développement pourrait cependant être éclaircie de plusieurs façons. D’abord une
analyse spatiale et temporelle plus détaillée de l’expression de ces gènes pendant les
divers stades de développement de l’ovule permettrait de préciser leur rôle dans le
développement du gamétophyte femelle. De plus, dans les cas de NLE, l’utilisation
d’un promoteur spécifique ciblant l’expression des constructions d’interférence d’ARN
dans la mégaspore fonctionnelle et dans le gamétophyte femelle permettrait de définir
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la contribution de l’activité gamétophytique du gène dans le développement du
gamétophyte femelle. Des analyses préliminaires sur une portion du promoteur de
ScNLE ont par ailleurs permis de définir une région régulatrice qui répond au signal
dc la fécondation dans les ovaires de S. chacoense (fig. 2-4. p.64; 2-6, p.66). Une telle
région régulatrice pouffait être utilisée pour limiter l’expression des constructions
d’interférence d’ARN ciblant SctVLE et d’en étudier spécifiquement les effets suite à la
fécondation. L’identification plus précise des élements régulateurs impliqués dans
cette réponse pourrait aussi éventuellement mener à une meilleure compréhension des
évènements moléculaires et cellLdaires déclenchés lors de la fécondation et de
l’initiation du développement de la graine.
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